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A B S T R A C T 
The work presented in this thesis is an initial 
investigation into the stress-deformation behaviour of a 
compacted clay under a~~symmetric stress conditionso This 
behaviour is explained in terms of the theory of plasticityo 
In the early chapters the basic concepts underlying 
the treatment are discussed. One chapter considers soil 
behaviour in terms of an hypothesis that the nature of the 
interparticle force system is a controlling factor determining 
soil behaviouro Basic ideas of the theory of plasticity are 
then set out and the power of Drucker's stability postulate is 
highlighted. This is followed by an exposition of the main 
aspects of the theory developed by the Cambridge research team 
under Roscoe, and its unity with the standard concepts of the 
theory of plasticity is explained. 
Described next is the behaviour of a series of 
triaxial tests on compacted samples saturated by the application 
of back pressure. This is followed by the development of a 
theory of plasticity which can account for the main features of 
the deformation of the materialo The essential step in this 
development is the integration of an expression for the 
direction of the plastic strain increment vectors derived from 
the experimental results. This integration gives an expression 
for the successive yield curves during work hardening. Also 
iii 
at this stage it is noted that the Terzaghi effective stress 
is not the simplest means of describing the soil behaviouro 
A modified effective stress is defined and is used in the 
remainder of the thesiso Further experimental work shows 
that the theory developed can only be applied when the material 
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I N D E X 0 F NOTATION 
The following is an index of the more essential 
mathematical symbols used throughout this thesis. Only those 
symbols used throughout the whole thesis are included here. 
In several places symbols are introduced and used for a page 







proportion of sample cross sectional area occupied 
by interparticle contacts 
the matrix of the nine coefficients in the top 
left corner of the matrix[!] 
the direction cosine between the i and j directions 
matrix of direction cosines for a coordinate 
transformation 
pore pressure parameter 
matrix of the 36 non-zero coefficients of Aijkl 








face area of a small element of soil 
horizontal projected area of a typical soil particle 
vertical projected area of a typical soil particle 
4th order tensor of material coefficients 
Hvorslev's true cohesion 
slope of compression e, log10 p curve 
slope of swelling e, log10 p curve 
dA 
dEij 




face area of an infinitesimal element of material 
strain increment tensor 
elastic strain increment tensor 
: plastic strain increment tensor 
stress increment tensor 
a variable factor of proportionality between 
xviiio 







increment of work dissipated as friction 
increment of stored energy of volume change 
increment of stored energy of distortion 
increment of external work 
increment of elastic volumetric strain 
increment of plastic volumetric strain 
void ratio 
loading function 
resultant force at the i th interparticle contact 




the resultant force acting on an infinitesimal area 
of material 
seepage force in the horizontal direction acting 
on a typical soil particle 
Seepage force in the vertical direction acting on 
a typical soil particle 









gradient of the yield curve 
specific gravity of soil particles 
undrained unloading secant modulus 
a function appearing in the expression for plastic 
strain increments 
first invariant of the stress tensor 
second invariant of the deviatoric stress tensor 
third invariant of the deviatoric stress tensor 
natural logarithm 
isotropic component of the stress tensor 
consolidation pressure 
initial value of p 
value of pat which yield curve cuts p axis 
maximum value of p during the loading phase of 
an undrained test 
value of p after complete undrained unloading of 
a sample 
isotropic component of actual effective stress tensor 
isotropic stress built into soil during kneading 
compaction 
normal force at i th interparticle contact 
value of q corrected for energy expended during 
volume change in a drained test 
xixo 
qmax maximum value of q reached during a loading phase 












slope of consolidation curves at constant stress 
ratio in the (e, lnp) plane 
deviatoric stress tensor 
slope of undrained stress path 
tangential force at i th interparticle contact 
pore water pressure 
specific volume= (1+e) 
volume of sample 
work 
work hardening parameter 
density of water 
kronicker delta,= 1 when i=j, = 0 when i/j 
strain tensor 
elastic strain tensor 
plastic strain tensor 
c11 ,E-'22 ,E33 : principal components of the strain tensor 
~, a dimensionless parameter used in describing the 
decrease in p on complete unloading under undrained 
conditions 
the stress ratio: q/p 
the stress ratio: q/(p+3.0) 










<1' 1 9 O' 2 ? Cl' 3 
inclination of the plastic strain increment vector 
slope of swelling line in the (e, lnp) plane 
slope of compression line in the (e, lnp) plane 
value of~ at critical state 
the ratio: p/pc 
the ratio: (p+3.0)/(p +3.0) 
C 
stress vector on a small area of material 
a component of total stress 
a component of effective stress 
principal effective stresses 
principal components of the stress tensor 
the stress tensor 
xxio 
angle of internal friction in terms of effective stress 
angle of internal friction at constant volum? 
angle of interparticle friction 
Hvorslev's true angle of internal friction 
1 0 
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There is a widespread opinion that a major area in need 
of development in soil mechanics is the understanding of the 
manner in which soil deforms under stresso Typical expressions 
of the inadequacy of present means of calculating the deformation 
of soils and the need for a more reliable approach have come 
16 25 33 37 from Coon and Evans 9 Gerrard 1 Janbu 9 Kondner and Zalesko 9 
Lambe42 9 Lomize and Kryzhanovsky45 9 Palmer55 9 Rowe71 9 Simons and 
85 Som79 9 and Weidler and Paslay · but perhaps the most lucid 
68 
statements of the situation have been given by Roscoe and 
Scott 77 o 
The problem can be illustrated with reference to the 
calculation of the settlement of a foundationo Much effort in 
soil mechanics has been spent on defining the stress conditions 
that lead to failure of soilsi but only a comparatively small 
amount of effort has been concerned with describing the deforma= 
.tions at stres·s levels below failure o For example the 
classical means of calculating settlement has hardly changed 
since its introduction in the twenties by Terzaghio During 
this time there have been considerable developments in structural 
analysis so that methods for taking full account of the deforma= 
tions of indeterminate structures are now commanplaceo This 
·1 0 
situation presents the civil engineering profession with an 
inconsistencyo On one hand the methods of calculating the 
behaviour of an indeterminate structure have reached a high 
degree of sophistication whereas the methods in us~ for calcu= 
lating the response of the soil on which these structures are 
founded have reached a much lesser degree of sophisticationo 
Yet the deformations imposed on the structure by the foundation 
settlement play a particularly important role in determining 
the stresses in the structnreo This inconsistency can only 
be resolved by developing a thorough quantitative understanding 
of soil deformationo The complex way in which soils are 
known to behave suggests that this task is not a simple oneo 
Much work has been based on the assumption that soil 
is simply a linear elastic material with modulus values that 
are presumed to be independent of stress and straino Practical 
experience both in the laboratory and in the field shows that 
the number of situations to which this idealisation can be 
applied is indeed very limitedo However~ a development of 
this elastic assumption considers how the modulus values, 
either tangent modulus or secant modulua 9 vary with stress and 
straino Once ascertained for a particular material the 
variation in the modulus can be included in calculations using 
the equations of elasticity if an incremental loading procedure 
is usedo Some success has been achieved with this methodo 
14 . . 17 33 Chang 9 Ko 9 Scott and Westman 9 Davis and Poulos , Janbu 9 
Ladd39 and Pender56 ,57 have shown how the deformation properties 9 . 
of various materials do depend on stress'iind strain conditions 
and how they can be expressed in terms of the applied stresses 
for monotonic loadingo Using such procedures Chang 9 Ko 9 Scott 
and Westman14 9 Duncan and Chang24 and Girijavallabhan and Reese26 
have used the finite element method to calculate the non=linear 
' 
stress strain behaviour of soilso This work has indicated that 
the method may lead to a useful compromise between the com= 
plexities of the material behaviour of real soils and the 
practical necessity to provide a means of calculation that can 
be used by non-specialistso However there are many aspects 
of this procedure that must be investigated further before the 
worth of the approach is definitely establishedo Of special 
importance is the effect of different stress paths on the 
modulus valueso 
A significant disadvantage of the above procedure is 
that it can be applied only to loading, because the modulus 
values are merely pseudo-elastic and cannot be applied to 
unloadingo It is a common observation when soils are 
unloaded even from very low values of stress that most of the 
deformation is not recoveredo This phenomenon suggests that 
a plastic deformation theory may be more generally valido 
If this were verified some doubt would be cast on the validity 
of a pseudo-elastic approach because 1 as has been pointed out 
by Burlanct 11 there is a fundamental difference between the type 
of behaviour predicted by an elastic theory and that predicted 
by a plastic theoryo Re~ently there has been some interest in 
describing the behaviour of both clays and sands in terms of 
the ~heory of plasticityo Drucker, Gibson and Henke119 and 
Drucker22 have outlined the general requirements which a theory 
must fulfil to describe the behaviour of soilso In addition 
to the work of the Cambridge research group, introduced below, 
the theory of plasticity has been used by Chaplin 15 , Palmer53 , 
Poorooshasb, Holubec and 
88 and Yong and McKyes · o 
Sherbourne60 , Weidler and Paslay85 
4 Also Barden and Khayatt have suggested 
tha~ the stress dilatancy theory of Rowe69 and Horne30931 , 
implies the existence of a plastic potentialo However the 
stress dilatancy theory was originally developed to describe 
the failure of sand 9 and deformation was involved only in 
consideration of energy, and so this theory is not primarily 
a treatment of soil deformationo 
The references cited, suggest that approaches based 
on the theory of plasticity have some promiseo Additionally 
there is the work of the research group at Cambridge University, 
until recently led by the late K.H.Roscoeo Their work over 
the last two decades has been by far the most thorough and 
persistent of all investigations 0£ the manner in which soil 
deforms under stresso Their major achievement has been the 
development of a complete theory for predicting the deformation 
of normally consolidated clay, Roscoe and Burland67 o The 
predictions of this theory have been tested by very careful 
experimental investigations and it has been established that 
for laboratory prepared normally consolidated clay the theory 
is capable of predicting very accurately the deformational 
behaviour of this class of materialo It is the opinion of 
the writer that of all the work discussed so far this treatment 
is the most satisfactoryo The theory itself is founded on 
well established principles of mechanics and the experimental 
work has been of a particularly high standard. The other 
theories mentioned have in one way or another certain elements 
of simplification or restriction which makes them of value 
only in specific circumstances, whereas the Cambridge theory 
is a general one. To the present it has be~n applied only 
to laboratory prepared normally consolidated or lightly over-
consolidated materi~lso As yet there are no published 
reports of attempts to apply the work to undisturbed samples 
from natural soil deposits. This is an important area for 
further development. The possible extension of the theory 
to naturally occurring soils is obviously worth consideration 
in view of the success achieved with l~boratory prepared 
specimens, and one aspect of this task is undertaken in this 
thesis. 
The use of compacted soil is common in many aspects 
of civil engineering practice. A considerable amount of work, 
~ summarised by Seed, Mitchell and Chan , has been done on the 
strength of compacted soils. Although there has been some 
consideration of the stress=strain curves for various types of 
compacted soils there has never been~ to the writer's knowledge 9 
any attempt to study the deformation rather than the strength of 
compacted materialso An initial approach to this problem is 
presented in this thesiso 
The research project reported here was undertaken to 
examine the ~tress-deformation behaviour of a compacted clay 
with the object of describing this behaviour in terms of the 
concepts of the theory of plasticityo The particular choice 
of a compacted material was made so that a material with 
anisotropic properties could be investigatedo The Cambridge 
work assumes that the soil is isotropic but it is expected 
that many soils encountered in civil engineering would be 
anisotropic and so this additional complication should be 
considered. Because of the mode of formation one would expect 
a compacted soil to be anisotropico 
Because of limitations in time and previous work the 
scope of this investigation has had to be very restrictedo 
The behaviour of one particular soil compacted in a particular 
manner at a given moisture content is describedo Even with a 
given soil there are several possible means of compaction and 
a whole range of possible moisture contents. However it 
seemed more useful to investigate one situation in depth rather 
than a range of situations very brieflyo In the succeeding 
chapters it is shown that a theory of plasticity can predict 
the general features of the deformation of this material under 
axisymmetric loadingo A limitation of this theory is also 
explained which restricts its application to loading in the 
direction in which the compactive effort was appliedQ Because 
this is an ibitial study there are many aspects that require 
further investigation and these are discussedo However the 
work in this thesis shows that the theory of plasticity does 
provide a promising means of describing the deformation of a 
particular compacted soilo 
In the remainder of this chapter the contents of the 
thesis are summarised chapter ~y chaptero 
1o2 CHAPTER 2 
The material presented in Chapter 2 9 entitled "Soil as 
a Particulate Material"~ forms part of the conceptual basis 
on which the remainder of the thesis is builto In the first 
part of the chapter a basic hypothesis that the fundamental 
factor in soil mechanics is the nature of the interparticle force 
system is stated and its implications discussedo This is then 
followed by a discussion of the concept of stress and its 
application to soil mechanicso It is explained how the use 
of the concepts of continuum mechanics, such as stress and 
strain, in soil mechanics depends on the assumption that the 
size of smallest element considered is sufficient for a large 
number of separate particles to be included 1 in other words 
these concepts tell nothing about the forces and displacements 
to which individual particles are subjectedo It is explained 
how a common assumption made in soil mechanics is that the area 
of the inter-particle contacts is very smallo The first 
important consequence developed from this is the justification 
of the usual assumption of the symmetry of the stress tensoro 
This part of Chapter 2 is completed with a discussion of the 
idea of effective stresso Rather than considering the 
equilibrium of part of a soil particle which is usually given 
when analysing the concept the equilibrium of a whole particle 
is discussedo It is shown that if the area taken up by inter-
particle contacts is small then the pore water pressure makes 
a negligible contribution to the equilibrium of the particleo 
This leads to the conclusion that changes in.the magnitude of 
\ .. 
the pore pressure can have no local effect on the magnitude of 
the interparticle forces and hence on the behaviour of the 
materialo Thus the importance of pore water pressure must 
come into the picture elsewhereo Further consideration reveals 
that this is a boundary phenomenon depending on the relative 
stiffness of the soil structure and the fluid filling the voidsq 
The second half of Chapter 2 is devoted to reviewing 
briefly some of the more basic aspects of soil behaviour under= 
lying their frictional and cohesive propertieso The explanation 
of the phenomenon of cohesion offered in this section is 
important to the rest of the thesiso It is suggested that the 
cohesive component of strength is caused by the shearing of bonds 
between particles or groups of particleso The stresses that 
these bonds provide in the way of shear resistance are not 
normally taken into account but as can be seen in Chapters 4 
and 5 the inclusion of these stresses leads to a major simplifi-
cation in the description of the behaviour of this material. 
1o3 CHAPTER 3 
Chapter 3 is entitled "Soil as a Plastic Material" and 
here the basic mechanics of the theory of plasticity are 
developed in the initial part of the chapter and in the second 
part the theory of plasticity developed by the Cambridge team 
is outlinedo The material presented in this chapter as in 
Chapter 2 can be found in various places throughout the 
literatureo However these review chapters are, in the 
opinion of the writer, more than repetitions of an eclectic 
nature because when required additional development of 
standard material is incorporated or a differing point of 
view is expressedo 
In the first half of Chapter 3 Drucker's concept of 
a stable plastic material is explained and its three very 
powerful consequences are considered. These are that a 
stable plastic material has a yield surface to which the 
plastic strain increment vector is perpendicular, that this 
yield surface is convex and that the only way the stress 
increment comes into the calculation of the plastic strain 
increment is in determining the ma~nitude of the strain 
incremento 
In Chapter 3 it is also shown how the principal ~xes 
of the strain increment tensor and of stress tensor coincide 
when a sample deforms in the triaxial apparatuso One ·of 
the features of the triaxial apparatus that is undesirable 
is that failure of some materials may occur in thin zones, 
referred to in the rest of this thesis as slip planes, and 
so the deformation is not homogeneouso Now, although this 
means that the strains calculated from boundary displacements. 
are not true strains it is shown how the ratio between the 
strain components is independent of the inhomogeneity of 
deformation so that the ratio between the components remains 
accurate despite the nonuniform deformationo This finding 
is used later in deriving a yield curve for the compacted clay 
from the results of a series of undrained triaxial testso 
The final half of Chapter 3 is taken up with ex-
plaining the general concepts underlying the "critical state" 
theory of plasticity developed by Roscoe et al for normally 
consolidated clayo After doing this it is pointed out how 
the theory derived does not use any of the concepts that 
have been explained in the early part of the chaptero To 
show that the two are compatible the expressions derived 
from the Cambridge theory for the plastic strain increments 
are taken and used in conjunction with the equations from the 
theory. of plasticity given in the first part of the chaptero 
From these the yield curve is derived as are several other 
features of the theory developed by Roscoe's team. This 
means that although the Cambridge approach did not make any 
direct appeal to the concepts of the conventional theory it 
is nevertheless consistent with this. 
1.4 CHAPTER 4 
This chapter is.confined to describing the results of 
a series of triaxial tests, mostly undrained, in which the 
stress deformation behaviour of the material is measured. The 
chapter is concerned merely with describing the results of 
these tests; any interpretation and analysis is left to 
Chapter 5. All the samples tested were first compacted by 
kneading compaction, then mounted in a triaxial cell and 
saturated by the application of back pressure, and after this 
consolidated before testingo 
Along with the usual stress-strain curves and stress 
paths the deformation of the material and shape of the stress 
paths on unloading are described. In addition the results 
of two drained tests are presented and the chapter is completed 
with a discussion of the consistency of the prepared samples 
and accuracy of the testing procedure. 
11. 
120 
The major finding in this chapter is that the description 
of the stress paths and stress-strain curves is greatly simplified 
if the isotropic component of effective stress acting on the 
material is modified by the addition of 3 psi. When this is 
done it is shown how a unique curve is found when the ratio of 
the maximum shearing strj~s in the Bample to the modified 
isotropic component of stress is plotted against the distortion, 
and in addition it is shown how the ~tress paths for the un-
drained tests can be plotted as a unique two dimensional curve 
by the correct choice of parameters. In Chapter 4 the modifica-
tion to the isotropic component of stress is treated as a purely 
empirical fact and a physical interpretation for the phenomenon 
is discussed in Chapter 5. 
1.5 CHAPTER 5 
This is probably the most significant chapter of the 
whole thesis and as with Ch~pters 2, 3 and 6 it is divided 
roughly into two parts. The first part is a qualitative dis-
cussion of the results presented in Chapter 4 and the second 
part is concerned with the development of a plastic stress-
strain law for this particular compacted soil • 
• There are two major aspects of the initial qualitative 
part of the chapter. Firstly it is explained how a three-
dimensional surface is defined by the stress paths for the 
undrained tests •. · It is ~hown how certain features of this 
surface are similar to those of the State Boundary Surface 
developed by Roscoe for normally consolidated clays. Secondly 
the behaviour is discussed in terms of the hypothesis of 
Chapter 2, that the behaviour is determined by the interparticle 
force system. It is explained how three separate aspects of 
the behaviour indicate that if the isotropic component of 
stress is increased by 3 psi the paramete~s needed to describe 
the behaviour are greatly simplified. In addition it is shown 
in Chapter 6 how this component of stress is independent of the 
orientation of the sample. Because of this the stress must be 
isotropic and so the hypothesis is made that during the com-
paction process an, isotropic component of stress equivalent to 
3 psi is built into the sampleo The singular feature of this 
phenomenon that is so important here is that for axial strains 
up to and beyond 10% this component remains constanto The 
connection with Chapter 2 is taken further at this stage and 
it is postulated that a modified effective stress law is more 
appropriate for describing the behaviour of this soil than the 
Terzaghi effective stress. This is called the "actual 
effective stress" here and is calculated simply by increasing 
the Terzaghi effective stress by 3 psio 
Before the expression for successive yield curves is 
derived in the second part of the chapter it is first explained 
that the means of calculating volumetric strain developed by 
the Cambridge group implies a.~on~radiction when applied to 
' .... -i-'\4 .. t•:;·· ,' 
this compacted soil, beca~se on unloading there is some decrease 
in the isotropic component of stress. A modified procedure 
for calculating the elastic and plastic components of volumetric 
strain is explained. This implies that the section of the 
boundary surface on which only elastic strains can occur is a 
curved, rather than a vertical, wall as is explained in Chapter 3 
for normally consolidated clay. After this the stress paths 
for the drained tests are corrected for the energy involved in 
the volume change. The energy correction used is the standard 
one that has been used on a variety of materials; however it 
is seen that for the drained tests on the compacted material 
the corrected stress paths do not lie on the boundary surface 
defined by the undrained tests9 This is important because, 
as is explained, the theory developed can only be applied to 
stress paths that lie on the boundary surface. 
The function defining the successive yield curves during 
the work hardening is found by integrating the expression for 
the direction of the plastic strain increment vector that was 
determined from the results of the undrained tests. During the 
process of deriving this function it is shown that the friction 
parameter for the material, calculated from a modified version 
of Roscoe's energy e~uation, is not constant with stress and 
strain for this material. Using the yield curve derived and 
the process outlin~d at the end of Chapter 3, expressions for 
the plastic strain increments are determined. The expression 
• 1 
for the plastic distortion increment is applied to the stress 
paths for an undrained and a drained test and also to an isotropic 
consolidation test. It is seen from this that the theory pre-
dicts the general features of the manner in which the soil deformso 
For the drained test there is a problem because the corrected 
stress paths do not lie on the boundary surfaceo 
1.6 CHAPTER 6 
As was explained abov~, one of the writer's reasons for 
oho~ a compacted material for this investigation was because 
it w~uld be expected to be anisotropic; in Chapter 6 this 
feature of the material behaviour is discussed. A aeries of 
undrained triaxial teats was performed on samples mounted in 
the triaxial apparatus so that the major principal stress was 
applied at right angles to the direction of compactive efforto 
From the results of these tests it is shown th~t the 
deformation properties of the soil are definitely anisotropic 
and that the samples become more isotropic as the consolidation 
pressure is increased. However it is seen that for samples 
compacted and then consolidated under the same stresses the 
undrained stress paths swept out are the same regardless of the 
direction of the major principal stress relative to the 
direction of the compactive effort. From this it is seen 
that the same surface is defined by the results of undrained 
tests whether the material is oriented p~rallel or perpendicular 
to the direction of compactive effort. This in turn implies 
that although the material is anisotropic with respect to de-
formation the valti:~.s of the usual friction angle and cohesion 
', ... 
for.·the material are isotropic. 
For the remainder of Chapter 6 the particular type df 
anisotropy exhibited by the compacted soil is discussed. It is 
shown that when the material is loaded in the direction of the 
compactive effort there are only two independent components 
of deformation for an axially symmetric stress system such as 
the triaxial test, which itself has only two independent 
components of stress. : However when the material is loaded at 
right angles to the direction in which the compactive effort was 
applied it is seen that there are now three independent com-
ponents of deformation despite the fact that there are still 
only two independent components of stress. Because of this 
it is concluded that the theory developed in Chapter 5 can be 
applied correctly to this compacted material only when the 
direction of loading is parallel to that of the compactive 
effort. However the theory in its present state cannot be 
applied to loading perpendicular to the direction of the com-
pactive effort because it cannot accourit for the third com-
ponent of deformation. 
1.7 CHAPTER.7 AND APPENDICES ... :. .,. 
'1·,:. 
In Chapter 7 the major conclusions reached in the 
thesis are listed in ord~r of importance. It has already been 
explained in the introduction how the project was a preliminary 
exploration of the deformation properties of a particular com-
pacted clay. Because of this there are many aspects of the 
work that the writer feels need further more intensive investiga-
tion. These are listed, once again in order of importance, 
after the conclusions. 
At the end of this thesis a number of appendices are 
included. In these the details of the equipment used and 
experimental procedure are set out, as are the listing of the 
computed experimental results. In the main body of the thesis 
only scant reference is made to these things because it was felt 
that these would be asides and would cloud the main lines of 
the discussion. In saying this it is not desired to play 
down the details of the experimental technique used as these 
form a very important part of what is presented in Chapters 2 
to 7, p~rticularly because so much trouble was taken with the 
details of this work. It goes without saying that nothing 
less than very careful experimental work is needed to elucidate 
the characteristics of the deformation of a material as 
complex as compacted soil. 
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CHAPTER TWO 
SOIL AS A PARTICULATE MATERIAL 
2.1 INTRODUCTION 
The treatment of a compacted soil as a continuous material 
presented in this thesis should not be taken as a suggestion that 
the continuum approach is the only valid m~ans of describing the 
stress-strain behaviour of a particulate material. One would. 
expect that an alternative, and perhaps complementary, approach 
could be based on the fact that soil is an assemblage of 
individual particles. However even when soil is regarded as a 
continuum some of its properties are essentially dependent on 
its disc~ete composition. It is the purpose of this chapter to 
review and discuss these properties. Some of this discussion could 
be criticised on the grounds that it is rather speculativeo 
This point is conceded: however, it does seem necessary to 
present these ideas because they reflect some aspects of the current 
understanding of soil behaviour in the literature. Although this 
understanding may be far from complete, as suggested by Kenny34 
in the following quotation: "---- there remain more questions 
than answers on the subject of strength properties at the 
particle level----", there does seem to be some recognition of 
the importance of attempting to understand soil behaviour at 
this level. At least it does provide some hypothetical back-
ground from which to interpret and make predictions about the 
behaviour of soilso 
The chapter is divided into three partso Initially the 
hypothesis taken as fundamental by the writer is stated along 
with some of its implicationso This includes some consideration 
of how the idea of stress can be applied to a particulate 
material. Secondly the concept of effective stress is discussed 
and finally the hypothesis is used to provide an explanation for 
the phenomena of cohesion and internal friction. 
2.2 THE FUNDAMENTAL HYPOTHESIS 
Throughout this thesis it is assumed that the fundamental 
variable responsible for all the diverse types of soil behaviour 
is the nature of the interparticle force system. This hypothesis 
is given the status of an axiom and its validity is not discussed 
any further. Although it might not be possible to measure these 
interparticle forces directly it is suggested that the recognition 
of their fundamental importance is vital in any explanation of 
soil behaviouro 
Since it is probably not possible to demonstrate the 
validity of this hypothesis directly one should consider if there 
are any alternatives that are as appealing intuitively. When 
thinking about soil from t·he macroscopic or continuum viewpoint 9 
as is done in the next chapter, such quantities as the stored and 
dissipated energy or the entropy of the material come to mind. 
However at the interparticle level, as opposed to the micro= 
scopic or molecular level, it is not easy to suggest an 
alternative to the interparticle force system as the factor 
controlling the mechanical behaviour of soilso 
When investigating many soil mechanics phenomena it 
is com~on to give a list of variables that can influence the 
observed behaviour of the materialo Some of the more common 
of these are: void ratio, structure 9 stress history, com= 
position, time and temperatureo Separations like this could 
be interpreted as efforts to isolate various factors that 
contribute in a particular way to the interparticle force 
system. For example void ratio could be regarded as the 
factor primarily responsible for determining the average number 
of interparticle contacts per unit volume of a given soilo 
Structure the way in which these contacts are distributed with 
direction throughout the sample • While composition might 
. 
reflect the manner in which the nature of the minerals composing 
the particles and the chemical composition of the fluid filling 
the pore space affect the interparticle forces. A caution that 
must be added here is that when selecting such a list of suitable 
variables care must be taken to ensure that they are all inde= 
pendent. When approaching such a task from the background of 
the hypothesis the choice of variables becomes somewhat more 
rational and the possibility of selecting variables that are not 
independent is reduced. 
,,;,:· .. ,, 
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At this point it might be appropriate to consider the 
types of contact that may exist between particles and across 
which these all important interpartiele'forces are transmittedo 
There seem to ba three possible types of oontacto Those 
between non-cohesive sand and silt particles give rise to a 
good deal less argument in the literature than the two types of 
contact that may exist between clay particleso 
80 76 7 7 Skempton , Scott and Schmid~ all agree that for 
non-cohesive particles tho actual area of contact is extremely 
small and that the contact is of the type described by Bowden 
and Tabor9 in Chapter V of their booko According to these 
researchers when two smooth metallic surfaces are in apparent 
contact the actual area of contact is only a very smol]. pro-
portion of the gross areao Even the smooth(-'H,t met.al1ic surfaces 
have a large number of irregularities on the microaoalro When 
two surfaces approach the contact takea place between the 
irregularities or asperities and the contact stresses are so 
high that the material yields locallyo Bowden and Tabor have 
demonstrated the validity of this idea for contact between 
metallic surfaces. Unfortunately the nature of contact between 
mineral surfaces has not been studied ae extensively. However 
it does seem likely that the actual area of contact is extremely 
small and as stated above there is substantial agreement about 
76 7, contact b~tween non-cohesive particleso Scott and Schmid~ 
have given lucid discussions of the implications of Bowden and 
2'lo 
Tabor 0 s theory of friction for soil mechanicso They have 
pointed out that because the material yields at the contacts 
the interparticle stress will be approximately constanto 
Secondly because the interparticle contacts occur.at very 
small irregularities on the particle surfaces an increase in 
the stress applied to the soil is accommodated by the forma= 
tion of new contacts rather than an increase in the area of 
existing contactso 
Two general classes of contact can exist between 
particles of a cohesive soilo The discussion in the 
literature of these contacts seems to have provoked more 
controversy than that about contact between non=cohesive 
particleso Because clay particles are very small and have 
a plate or rod-like form they have a large ratio pf surface 
area to volume so that surface forces will play an im= 
portant part at the interparticle contactso When two planar 
clay sized particles approach in an aqueous environment so 
that their planar faces are par~llel a repulsive force is 
exerted between the particles because of the interaction of 
their electrical double layerso This means that a com= 
pressive stress can be resisted while no real physical 
contact is made b~-tween the particleso The significance of 
this situation in relation to the fundamental hypothesis is 
not considered h~re as the type of clay mineral predominating 
in the soil tested in this project has a rod-like rather 
than a planar formo 
When clay particles approach in such a way that the 
contact is edge to edge or edge to face there has been some 
argument as to whether mineral to mineral contact is made or 
whether some adsorbed water remains between the particles 
acting as a contaminanto Regardless of the actual role 
played by the water at the interparticle contact it does not 
seem unreasonable to assume that the actual area of contact 
is small when edg~ to face contact is madeo Even if the 
actual area of contact is small this type of contact differs 
considerably from that found in non=cohesive soilso All 
forces between contacts of sand and silt particles are 
caused by externally applied stresses and the weight of the 
materialo For contact between clay particles other forces 
can ariseo As mentioned above the interaction of the 
double layers results in an electrical force of repulsiono 
Also since the edges of the clay particles carry a positive 
electrical charge and their faces a net negative charge an 
attractive force will exist when edge to face contact is 
madeo Another type of attractive force that can have a 
considerable effect at very small particle spacings is the 
Van der Waals-London force of attraction 9 the nature of this 
force is explained by Scott76 o So that when the forces at 
the contact in a cohesive soil are considered not only those 
due to applied stresses must be considered 9 but also all the 
forces of physico-chemical origino 
A deficiency in almost all of the discussion about 
the arrangement of various particles in soil is related to 
the idealised nature of the systems discussedo For example 
when discussing the structure of clays most authors con-
sider materials composed only of clay particles whereas 
most natural deposits of soil have an extensive fraction of 
sand and silt particleso Thus what must be a very im-
portant type of contact in a real soil 9 that between a 
clay and a sand or silt particle 9 does not seem to have 
been consideredo In view of what has been said above it 
does seem likely that this contact is also of the type in-
volving a very small true area of contacto 
In summary then it is assumed that in many types of 
soil the area occupied by the interparticle contacts is 
very smallo A major exception to this assumption is to 
be found when a pure clay has a structure of plate-like 
particles arranged parallel to one another so that the ex-
ternally applied stresses are resisted by the interaction 
of the double layers without any physical contact between the 
particleso The actual mechanism accounting for the 
behaviour of a soil in which this happens is not clear as 
explained by Mitche1149 and 41 Lambe o The considerations 
in the remainder of this chapter are strictly applicable 
only to a soil where the contact area is smallo This poses 
no real problem for interpreting the behaviour of the particular 
soil examined in this thesis because this material has such a 
high proportion of silto 
Finally in this section some important implications of 
the fundamental hypothesis will be consideredo 
Firstly the postulation that interparticle forces are 
the controlling factor in soil behaviour suggests that the 
state of stress within the particle is of little importanceo 
In coarse soils and broken rock particle fracturing may be 
significant, but in soil mechanics particle breakage is 
definitely of secondary importance at normal stress levelso 
Thus it is suggested that internal particle stresses play no 
important part in the mechanical behaviour of soil and con-
sequently any discussion of the basic behaviour should make 
no reference to the stresses within the particleso 
Secondly observations of the macroscopic behaviour of 
soils, and the suggestion that the interparticle contacts are 
of the type described by Bowden and Tabor suggests that the 
mechanism by which soil gains strength is interparticle 
frictiono This means that a given contact will be able to 
sustain the load placed on it according to whether the ratio 
of the normal to the tangential component of the contact force 
is greater or less than the coefficient of friction between 
the two particleso If the ratio of the components is less 
than the coefficient of friction, then no interparticle move-
ment occurs, but if it is greater then some relative sliding 
will occur between the particles if the excess load cannot be 
distributed to other contactso 
Finally any relative motion that takes place between 
particles because of frictional failure of a contact or con= 
tacts will generally be irrecoverable when the sample is 
unloaded. This implies that the origin of the irreversible 
part of the deformation is slippage between particles or 
groups of particles. 
2.3 THE DEFINITION OF STRESS FOR A PARTICULATE MATERIAL 
In this section only a particulate material with 
empty voids is considered; the more general case of a 
material with fluid filled voids is discussed in section 2.4. 
The concept of stress used in continuum mechanics and de= 
veloped in any of the standard texts, for example chapter 2 
f P 62 · tl' d . th f 11 ' h d o rager , is ou ine in e o owing paragrap s an 
then the manner in which this concept must be modified to 
apply to a particulate material is explained. 
The stress vector acting on~ given elemental area 
within a continuum is defined as: 
Cf = Lt (,!'/dA) 
dA-+O ooooo~ooeooeoooooooooooooooooo 
where CT is the stress vector acting on a surface of area 
(2.1) 
dA and Fis the resultant force acting over this areao -
A further aspect of this definition is concerned with 
the relation between the various stress vectors acting on 
surfaces with different orientations at a given point within 
the continuum, By considering the equilibrium of a small 
homogeneous tetrahedron of material and allowing its physical 
dimensions to tend to zero it can be shown that there is a 
linear relationship between the stress vectors acting on 
faces oriented in different directions at a point within the 
materialo This leads to the concept of the stress tensor 
which is a quantity, denoted by (f .. in this thesis, having 
1J 
nine components. The indices i and j can each have any 
value in the range 1 to 3 independentlyo When the indices 
have particular values, say Land M, the componentO"LM of 
the stress tensor is interpreted as the component of stress 
acting in the M direction on a plane whose unit normal vector 
is oriented in the L qirectiono If it is assumed that the 
only actions on the tetrahedron are surface and body forces 
then it can be shown by considering the rotational equili-
brium of the element that the stress tensor is symmetric, 
that is O" •• = crj., which means that the number of independent 
1J 1 
stress components is reduced from 9 to 60 
In applying these ideas to a,particulate material 
some modifications must be made. When considering a small 
element of the material care must be taken to choose an element 
large enough to contain many individual soil particles and yet 
small enough to be representative of conditions at a pointo 
This is to ensure that the material is uniformly distributed 
throughout the element so that the macroscopic homogeneity of 
the material is preserved in the small, but finite, element 
considered. Secondly, because the behaviour is supposed to 
be independent of the stresses within the particles the 
element must be chosen so that only whole particles exist 
along the boundaries, i.e. that no particles are cuto Since 
it is unlikely that all the contacts will occur in a plane 
the small element of soil considered will not have planar faces. 
However, this has no effect on the discussion below. This 
method of representing the conditions at a point within a soil 
by considering a small but finite element will only be 
successful if the space-rate of change of the quantities 
defined is such that the quantities have essentially uniform 
values over the sides of the element. If the scale of the 
element required is such that there are significant changes 
in the values then it is no longer possible to describe the 
behaviour of a particulate material from the viewpoint of 
continuum mechanics. 
Now that an element of soil has been chosen the nature 
of stress in a particulate material can be considered. Along 
any face of the element there will be a number of interparticle 
contacts and at each of these contacts there will be a,resultant 
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force exerted on the element of soil~ This suggests that the 
stress vector on any face can be defined by:-
n 
(J = ( r; .!i ) / At 0000 • • 0 0 00 00 0 e o O 00 00 000000000000 (2o2) 
i=1 
h f ' th lt t f t th · th . t t· 1 t t were ~i 1s e resu an orce a e 1 in erpar ice con ,ac 9 
there being n contacts- on the face which has a total area ft.+, 
(this is supposed to be small but finite as distinct from Eqo2o1 
where the area, dA, was infinitesimal). On each face this 
stress vector can be resolved into three components, one normal 
to the face and two perpendicular components lying in the face 9 
so the idea of a stress tensor arises as before. It is 
evident that the stress defined by Eq.(2.2) has. a much smaller 
magnitude than the actual stresses at the interparticle contactso 
An important assumption made when defining stress is 
that there are no body or surface couples acting on the element 
of material consideredo This has been justified by Love 47 on 
the grounds that as the size of the element tends to zero the 
magnitude of any ~ouple will also tend to zero so when con= 
sidering an infinitesimal element couples can be disregardedo 
However this may not be the case for the small element of 
soil consideredo At each of these interparticle contacts on 
any face one should assume, for generality, that not only a 
direct force is transmitted but also a couple. However, the 
possibility that body couples can exist is discounted as there 
is no obvious physical mechanism that could generate such 
actionso The presence of these contact couples cannot be 
explained away by the size of the element as this is no 
longer infinitesimal; their effect is considered by intro-
ducing a couple stress tensor defined in a similar way to 
the force stress tensor (J, • o 
lJ 
Argon and McClintock1 define 
couple stress as the distributed couple per unit areao 
It is denoted here by M,jo 
i. 
In the following paragraph it 
is shown that the existence of couple stresses requires the 
stress tensor to be asymmetrical o 
Assuming that the stress tensor is asymmetrical and 
that the symmetric part is denoted by Aij and the a-
symmetric part by B .. , according to the well known identity 
J. J 
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of tensor analysis as set out in Prager that an asymmetric 
tensor can be expressed as the sum of an asymmetric and 
a symmetric part, the equilibrium of forces on a small 
element requires thatg 
"?>A •• /ax. + oB . ./'"bx. + pfj 
1J l 1J 1 
= 0 oooooovooooooooooc,ooo 
h f . th b d f . I t • th d. t . were f • 1s e o y orce in ~ae J irec 1ono 
J 
Considering 
the rotational equilibrium of the element the following 
equation is obtained: 
ooooo~oaoooooooooooooooooo {2o4) 
where Mk. is the couple stress tensor and ~. 'k is the alter= 
1 J. J 
nating tensor having a value of +1 when i, j and k have any 
of the values 1~ 2 or 3 in a cyclic order and a value of -1 
when i, j and k are taken in a non-cyclic way and a value of 
0 when any two of i, j or k are equal. The symmetric part 
of the stress tensor is not included in Eqo(2o4) because the 
moment of its components is zeroo Eqo(2o4) shows that the 
asymmetric part of the stress tensor is required to equili-
brate the gradient of the couple stress tensoro The 
presence of t~ese couple stresses and the resulting asymmetry 
of the stress tensor introduces a very considerable com= 
plexity into any theoretical treatment of the behaviour of a 
particulate material. Therefore it would be desirable to 
show either that the couple stresses cannot exist or that their 
magnitude is very smallo The second of these alternatives 
can be achieved if it is known that the area of the inter-
particle contacts is very small. The magnitude of the stress 
defined in Eq.(2o2) arising from a force transmitted at a given 
2 
interparticle contact is proportional to (d/L) 9 where dis a 
characteristic dimension of the contact and Li~ the character-
istic length of the small element of soil considere~o This 
assumes that the contact stress is constanto The basis for 
this has been explained earlier on page 220 Now when con-
sidering the magnitude of the couple stress arising from a 
couple applied at a given contact it seems reasonable to 
discuss the maximum possible couple that a contact can with= 
stando In other words it is assumed that just as the direct 
forces cause yielding of the contact so too does the coupleo 
It can be shown that the maximum couple a section can sustain 
under a fully plastic state of torsional stress is a function 
of d3 , where dis a characteristic dimension of the sectiono 
From the above definition of couple stress this means that 
the magnitude of the couple stress applied to the element by 
2 
the couple applied at a contact is a function of d(d/L) o 
Since it was concluded in section 2.2 that the area of the 
contacts is very small the term d(d/1) 2 will be very much 
2 less than (d/L) consequently the magnitude of the couple 
stresses will be very much less than that of the force stresseso 
Thus the effect of any torque transmitted at the interparticle 
contacts can be disregarded and the stress tensor can be 
considered as symmetrico 
2ol~ THE CONCEPT OF EFFECTIVE STRESS 
The treatment of stress in a particulate material having 
empty voids given in the previous section is now generalised to 
include the case where the voids are filled with fluido The 
so called principle of effective stress has traditionally been 
used in soil mechanics to handle this situationo According to 
this principle the stress controlling the compression and 
strength behaviour of a saturated soil is given by~ 
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where Cf is the total stress and u the pore water pressure, while 
a 1 is used to denote the effective stresso When soil behaviour 
is related to this stress rather than the total stress it is 
well known that several otherwise quite confusing phenomena can 
be explained in a rational mannero At this stage it is desirable 
to discuss the relation between this principle and the fundamental 
hypothesis stated in section 2 of this chaptero 
Equation (2o4) implies that the observed behaviour of soil 
depends on the pressure in the fluid filling the voids between 
the particles. Recently there has been criticism of the 
effective stress principle by Schmid73 and Mikasa48 and although 
the writer does not agree with the conclusions reached by these 
authors it does seem that the soil mechanics literature reflects 
a preoccupation with pore pressure measurement, surprisingly 
little attention having been given to the physical significance 
of pore pressure response. The writer suggests that the hypo-
thesis in section 2o2 is a statement of the principle of 
effective stress, in as much as it is postulated that the inter-
particle force system is the controlling factor in soil 
mechanics. For convenience the following distinction is made. 
The term "actual effective stress" is used to describe the 
stress arising from interparticle contact forces, that is the 
stress defined by Eqo(2.2), as distinct from the effective 
stress of Eq.(2.4) called the Terzaghi effective stresso 
In the following paragraphs the influence of pore water 
pressure on the interparticle force system is examined. 
I 
Initially this is done by considering the equilibrium of a 
single particle and assuming that the pore wat~r pressure 
and the interparticle forces are independent and then the 
more complicated case where the two are interrrelated is 
discussed. The conclusion is reached that the phenomenon 
of pore pressure response under shear loading is an effect 
resulting from the making or breaking of interparticle 
contacts. Furthermore, although the actual effective stress 
cannot be measured its value can often be inferred from the 
Terzaghi effective stress, and any changes in the pore water 
pressure during shear loading imply an equal and opposite 
change in the actual effective stresso 
In considering the equilibrium of a single particle 
the stress within the particle is not considered because, as 
pointed out towards the end of section 2.2, this should have 
no influence on the behaviour of the soil. It is also 
assumed that the soil is saturated and that the particles are 
non-cohesive, i.e. the effects of surface forces and osmosis 
are neglected at present. Figo2.1 shows a cross-section of 
a particle in contact with several other particles. The re-
sultant interparticle force at each contact is resolved into a 
normal and a tangential component, denoted for the 1th inter-
particle contact as Pc, and Tc. respectivelyo The area of 
l. l. 
the i th contact is Ac. and the angle that the normal force 
l. 
makes with the vertical is Q,o 
l. 
Along with the buoyant weight, 
((\r1)rwv (where G6 is the specific gravity of the particle, 
¥w the density of water and V the particle volume), the 
particle is subject to the loc~l pore water pressure, u, and 
also a seepage force having vertical and horizontal riomponents 
Fv and FH respectivelyo Because the situation treated is a 
static one it is reasonable to omit inertial forceso 
A'------- Av 
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Considering first the vertical equilibrium of the 
particle: 
n n n 
I:Pc. cosQi - ( L3Ac1 cosQ,)u + LTc. sinGi - FV + (~1)Yiwv = O 
i=1 1 i=1 1 i=1. 1 
0000000000000• 
Th~ pore pressure terms in the above equation need some ex-
planationo The presence of the buoyant weight implies that the 
pore wate~ acts over the whole surface of the particleo Since 
this is not possible at the contacts the above expression for 
the downward forces has been written as if the water did act 
over the whole surface and compensating forces equal to the area 
of the contact times the pore water pressure acting outwards 
from the particle have been addedo Thus this compensating force 
acts downwards for all those contacts where Pc. acts upwardso 
1 
The use of the buoyant weight and the average local pore water 
pressure, u, also has the advantage that the small variation in 
hydrostatic pressure around the particle is accounted for. 
Two similar equations can be derived for equilibrium 
in two perpendicular horizontal directionso 
the same form only one is given here: 
n n n 
Since both have 
~ Pc. sinG. - (ZAc. sinG.)u + ZT.c. cosQ, + FH = 0 oooq (206) 
i=1 i i i=1 i i i=1 n i 
Both Eqso(2.5) and (2.6) indicate that pore water pressure 
does contribute some force to the equilibrium of the particleo 
There is, of course~ the possibility that the terms ~Ac. cosG. 
J. J. 
and r.Ac. sinG. may sum to zero, but in general these terms 
J. J. 
will have some magnitude so that the total projected area of 
the interparticle contacts in a given direction will not be 
zero. This means that the relationship between the areas Ac. 
J. 
and the forces Pc. and Tc. must be evaluated so that the 
J. J. 
relative magnitude of the pore pressure term can be determinedo 
The obvious approach to this problem would be to postulate a 
yield criterion for the material of the soil particles and use 
this to calculate Ac .• 
J. 
Although attractive this idea is not 
pursued here simply because there is far too much uncertainty 
involved in applying any given yield criterion at the minute 
interparticle contacts. Because there is no simple ex-
perimental check on the validity of such an assumption more 
questions are raised than are answered. All that is used in 
the following discussion is the conclusion reached in section 
2.2 of this chapter that the contact area is very small and 
,, 
that the contact stresses are large. 
n 
Dividing Eq.(2.5) by 
the term ( 'z:.Ac. cosQ.) gives: 
. 1 J. J. 1= 
n n n n 
( LPc, cosG.)/( °LAc. cosGi) + ( '2:Tc. sinG.)/( ~Ac. cosG.) 
i=1 l J. i:1 l i=1 l J. i=1 J. l 
n n 
- F /( "2; Ac. cosQ.) + (G-1)VWV/( 23 Ac. cosG1 ) - u = O 




and similarly dividing Eqo(2o6) by ( '2:Ac. SinG.) gives~ 
i=1 J. l 
n n n n 
(LPc. sinG.)/(~Ac. sinQ.) + (~Tc. cosG.)/(~Ac. sinQ.) 
i=1 l J. i=1 l l i=1 l J. i=1 l J. 
n 
+ FH/( '2.'.; Ac. sinG.) = u 
i=1 1 l 
= 0 ooooocioooooooeooooooo 
n n 
The terms of the type ( 2'., Pc. sinG. ) /( "2:' Ac. sinGi) in Eqs o ( 2 o 7) 
i=1 1 1 i=1 1 
and (208) are in effect the average values of the direct stresses 
for all the interparticle contacts around the particlej these 
are the stresses that according to section 2o2 have a large 
magnitudeo Also the remaining terms in which the divisor is of 
n 
the type ( '2:Ac. sinG.) will have a considerable magnitude be= 
. 1 1 J. l= 
cause the total interparticle contact area of the whole particle 
is small. Thus all the terms in Eqso(2.7) and (208) with the 
exception of the pore pressure term, u, will have a large 
magnitude; a magnitude that is considerably greater than the 
range of values for pore water pressure commonly encountered in 
practiceo Hence the contribution of the pore water pressure 
to the equilibrium of the soil particle may be taken to be 
negligible. 
So far the soil particle has been treate~ as non= 
cohesive. The more general case of a cohesive soil 9 in which 
there are electrical forces of attraction and repulsion and 
Van der Waals-London forces of attraction 9 can be included with 
the above because the origin of the components of the inter-
particle forces has not b~en specifiedo If the contact area 
still remains small then the conclusion reached above can be 
extended to cohesive soilso These physico-chemical inter-
particle forces are sensitive to a number of factors such as 
temperature 1 concentration and type of ions in the pore water 
etco~ and a change in any of these will lead to a change in 
the interparticle force systemo For instance if bothq and u 
are maintained constant in drained loading of a cohesive soil 
and say the temperature changes then the soil behaviour will 
also changeo This shows that the Terzaghi effective stress 
may not always be the stress controlling the strength and 
deformation properties of soilo Although at this stage the 
relationship between the fundamental hypothesis and the 
Terzaghi effective stress has not been settled it does seem 
that Eqo(2o4) has limitations when applied to cohesive soilso 
In other words~ for a cohesionless soil the Terzaghi and actual 
effective stress are identical 9 but for a cohesive material 
this may not be so and Lambe and Whitman40 have suggested this 
is why Eqo(2o4) does not account fully for the behaviour of 
swelling clayso 
If the equilibrium of a small group of particles is 
considered 9 such as was discussed when defining stress in 
section 2o3, rather than the equilibrium of a single particle 1 
the same conclusion is reached 9 that the pore water pressure 
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has only a negligible effect on the forces transmitted at the 
interparticle contactso It was suggested earlier that the 
real significance of the interparticle forces is realised by 
considering them as the effective stress. However the above 
conclusion suggests that the pore water pressure has no 
local effect on the interparticle forces. What effect then 
does pore water pressure have on soil behaviour? This 
problem is discussed in the paragraphs below by considering 
not only the equilibrium of a single particle but also the 
equilibrium of the whole sample, including the effect of 
boundary conditions. 
For the following discussion in which the boundary 
conditions are considered it is convenient to divide the 
stress system applied to the sample into two parts. Firstly 
the isotropic component of the stress tensor is defined as~ 
p = o o o o o Q o • o o o o o o o • o o o o o ti o e o o o o o o {2o9) 
where the indices i and j are summed over the range of values 
1 to 3 independently~ and where Sij is equal to 1 when i = j 
and O when i / j. This can be expanded to~ 
This equation shows that the isotropic component of the 
stress tensor 7 also known as the spherical component~ is equal 
to the hydrostatic component of stresso The other component 





The stress deviator thus represents all those components of stress 
associated with shearing stresso 
In many laboratory test procedures and field situations the 
soil is effectively sealed around the boundaries so that pore 
water pressure and interparticle forces cannot be regarded as 
independento When a section of a soil sample 9 including the 
boundaries, is considered all the interparticle forces along the 
section and the pore water pressure must equilibrate the forces 
applied at the sample boundary. It is now proposed to discuss 
the behaviour of the whole sample including the boundaries when 
subjected to the components of stress defined aboveo The first 
case, in which the sample is subjected to an isotropic com-
ponent of stress under undrained loading, has been well dis-
cussed in the literature. The well known result is that the 
behaviour depends on the relative volumetric stiffness of the 
' ,• soil particle structure and on the fluid filling the voidso 
t. 
For the case of a fully saturated soil the volumetric stiff-
ness of the water is so great in comparison with the volumetric 
stiffness of the soil particle structure that any increment 
of hydrostatic pressure in undrained loading will be trans-
mitted entirely to the pore water and none of the stress 
increment will be equilibrated by the interparticle forceso 
This explains the well known fact that the undrained behaviour 
of a saturated soil is not affected by changes in hydrostatic 
pressure because none of the stress change is transferred to 
the interparticle contactao Thus at least one well known 
aspect of soil behaviour can be explained in terms of the 
fundamental hypothesiso Of course 9 if the sample is allowed 
to consolidate after the application of such a hydrostatic 
stress increment 9 the pore pressure will dissipate and the 
stress will gradually generate additional interparticle 
forces which lead to a volume change of the soilo 
The behaviour when the deviatoric part of the stress 
tensor is applied to the soil sample under undrained loading 
is rather differento Before the soil can sustain any 
deviatoric stress component it must first be consolidated 
under an isotropic stress systemo This isotropic stress is 
equilibrated by forces at the interparticle contacts, and 
because of the frictional nature of soil no shear stresses 
can be resisted until direct forces have been set up at the 
interparticle contacts by the isotropic stress. When the 
deviatoric component of the stress tensor is applied all the 
load must be taken by the soil particle structure and trans= 
ferred from particle to particle at the interparticle con-
tacts, because the fluid filling the voids has no shear stiff-
nesso Now when this shear stress is applied to the sample 
the existing interparticle contacts may be able to support their 
share of this new stresso In this case there will be no pore 
pressure response. More often the existing interparticle con-
tacts cannot accommodate the new increment of stress without some 
rearrangement so that some of the existing contacts are broken 
and possibly some new ones are formedo Those contacts that 
are broken originally equilibrated some of the isotropic com-
ponent of stress; for equilibrium to be maintained the sum of 
the normal contact forces and the force provided by the pore 
water pressure must balance the component of isotropic .stress 
applied at the sample boundarieso If the total contribution 
of the interparticle direct forces to the isotropic component 
of the stress tensor is reduced in the process of breaking and 
reforming interparticle contacts~ then there must be an increase 
in the pore water pressureo On the other hand if the sum of 
the direct forces at the interparticle contacts is increased 
after the shear stress is applied to the sample, then there will 
be a decrease in the pore water pressureo In the light of this 
explanation pore pressure response is just a consequence of the 
redistribution of load carrying capacity within the soil sampleo 
J 
The rate at which contacts are broken in comparison with the 
rate at which they are formed depends on how tightly the soil 
particl~s are packed togethero For loosely packed soils the 
chances of a compensating contact be~ng made after one has been 
broken are less than for a densely packed soil where there are 
many more interparticle contacts per unit volume. Consequently 
loosely packed soils have a positive pore pressure response 
under undrained shear loading in contrast to densely packed soils 
which have a negative response. Under drained loading loosely 
packed soils decrease in volume and densely packed soils increase 
in volume. This suggests that there is a correlation between 
the tendency of a soil to have a positive pore pressure response 
on undrained loading and decrease in volume under drained 
loading. 
The conclusion reached from this consideration of pore 
pressure response is that the phenomenon is the result of the 
interaction between the ways in which soil resists the isotropic 
and deviatoric components of the stress tensoro The important 
consequence of this is that the pore pressure response is not 
an independent effect, it is merely a result of the transfer of 
the mechanism by which the applied isotropic stress is equili-
brated when interparticle bonds are broken and reformed. This 
explanation also shows that the reason for the success of the 
Terzaghi effective stress, given by Eq.(2.4) is that as an ex-
pression of equilibrium it portrays the interchange that takes 
place between pore water and interparticle forces. As pointed 
out earlier with regard to swelling clays 1 a deficiency of the 
Terzaghi effective stress is that it does not always account of 
physico-chemical interparticle forces. 
It is interesting to consider if there are any situations 
in nature where the conclusion reached earlier applies, namely 
that the pore water pressure has no local effect on the inter-
particle forceso In other words, are there any situations 
where the interparticle forces and the pore water pressure are 
truly independent. One example comes readily to mind; the 
behaviour of a sediment with a horizontal surface at the bottom 
of a lake or seao Fluctuations in the water level have no 
affect on the behaviour of the sediment, provided it remains 
submerged, because the interparticle forces which are generated 
by the buoyant weight of the material are not affected by 
changes in water levelo This was realised as long ago as 1871 
by Sir Charles Lyello The following quotation from Lyell's 
"Student's Elements of Geology" is part of a longer quotation 
81 given by Skempton g 
"When sand and mud sink to the bottom of a deep sea, the 
particles are not pressed down by the enormous weight of the 
encumbent ocean; for the water which becomes mingled with the 
sand and mud resists pressure with a force equal to that of the 
column of fluid above". 
Since the interparticle forces are generated within the soil 
mass by the buoyant weight of the particles, no loads are trans-
ferred across impermeable boundaries and so there is no sharing 
of the hydrostatic components of stress between the contacts 
and the pore water as the sediment is loaded. An application 
of this idea that is of more relevance to soil mechanics applied 
to foundation engineering is the behaviour of a deposit of soil 
with a fluctuating water tableo At any point below the water 
table the effective stress is due to the weight of material 
aboveo This effective stress is made up of two parts: above 
the water table the total weight of soil contributes to the 
effective stress and below the water table only the buoyant 
weight contributeso When the water table rises the effective 
stress at a given level below falls and when the water table 
falls the effective stress increaseso Application of Eqo(2o4) 
to this situation gives the change of effective stress due to a 
change in the water levelo However the reason-~hat the 
effective stress changes is not because the water pressure 
has changed but because the depth of soil contributing its 
buoyant weight has changed and it so happens that this is 
equal to the change computed using the pore water pressureo 
Just before concluding this part of the chapter some 
80 aspects of Skempton's pape~ on effective stress will be 
reviewed. At several places in the preceding discussion it 
has been emphasised that stresses within the soil particle are 
not consideredo From this point of view the approach used by 
Skempton to derive the equilibrium equations for an inter-
particle contact appears to be misleading. 
given in Figo 2.2: 
His diagram is 
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FIG.2o2 EQUILIBRIUM OF TWO PARTICLES IN CONTACT AFTER 
SKEMPTON (1960) 
The shear and direct forces at the interparticle con-
tact are given as T and P respectively and the contact area s s 
is A , the pore water pressure is denoted by u and the total 
6 
normal force transmitted across the area A is Po In the 
original paper it i~ stated that two particles in contact are 
being considered. The difficulty is to explain the origin 
of P; in Figo2o2 the impression is given that this might 
include the stresses within the soil particleo Skempton 
eventually concludes that the Terzaghi effective stress is 
adequate for the range of stresses normally encountered in 
engineering and since this conclusion is similar to the one 
reached above it seems that there is nothing in Skempton 9 s analysis 
that conflicts with the present discussiono It is suggested here 
that the problem about specifying the origin of the force Pin 
Figo2o2 can be resolved by changing the interpretation of Skempton 9 s 
diagramo It was argued earlier that the real significance of 
pore water pressure does not become clear until the whole sample 
including boundaries is considered. Thus it is suggested that 
Figo2o2 is merely a diagrammatic representation of a section 
,• 
through the whole sampleo Along this section there will be a 
number of interparticle contacts each of which equilibrates some 
part of the stresses applied at the sample boundaries and re-
presented here as the forces P and To 
equation given by Skempton: 
P = P + (A-A )u s s 
This means that the 
can be regarded as the equation for equilibrium of vertical 
forces across the section of the sample. 
total area, A, this reduces to: 
On dividing by the 
(j = cY' + (1-a)u o o o • • o • •~ • o • o • o o o o • o • o • • o • o • o· o (2o11) 
when.e cr 1 , the effective stress, has the same meaning as the 
stress defined by Eqo(2o2~ and a is the proportion of the sample 
area occupied by the interparticle contacts. When a is small, 
as has been assumed in this thesis, Eqo(2.11) reduces to the 
Terzaghi effective stress given by Eq.(2.4)o 
To conclude this discussion of effective stress the 
relevance of effective stress analysis to foundation engineering 
is commented upono As has been emphasised effective stress 
provides the most logical basis for interpreting soil behaviouri 
but, as pointed out by Mikasa48 and Schmid73 the accurate 
measurement of pore water pressure is not a simple matter and 
they are inclined to favour the total stress approach. When 
a sample is tested under conditions and imposed stresses 
identical with those in the field then there is no problem 
with the use of total stress analysis and it should yield 
results just as reliable as an effective stress study of the same 
situation. However it is never a simple matter to prepare or 
obtain samples with the same properties as the in-situ material 
and Bishop and Bjerrum5 have pointed out that the great advantage 
of effective stress parameters is that they can be applied to a 
wider range of problems than total stress parameterso Also the 
determination of the cohesion and friction angle in terms of 
effective stress from undisturbed samples would seem to be less 
sensitive to stress changes caused by sampling and subsequent 
consolidationo Along with this there is the added advantage 
that measurement of pore water pressure provides some insight 
into the physical processes by which the sample is able to 
sustain the deviatoric component of the stress tensoro 
2o5 FRICTION ANGLE AND COHESION RELATED TO INTERPARTICLE FORCES 
In this part of the chapter the phenomena of internal 
friction and cohesion are discussed for a saturated soil and 
suggestions are made as to how these may be related to the inter-
particle forceso A good deal of confusion has resulted in soil 
mechanics because of the multiplicity of ways in which these 
parameters have been defined and no attempt is made here to dis-
cuss all these various definitions in detailo It is not intended 
here to give a detailed discussion of the very complex frictional 
and cohesive properties of soils. Instead an attempt is made 
to discuss the general features of the frictional and cohesive 
properties in terms of interparticle forceso 
As mentioned in section 2.2 the hypothesis that the 
controlling factor in soil mechanics is the nature of the inter-
particle force system implies that interparticle friction is an 
important aspect of soil behaviouro Thus the coefficient of 
interparticle friction should be a basic physical parameter 
neededo It seems reasonable to assume that for a given soil 
this is constant and independent of the state of stress or de-
. ' 
fqrmationo This is not to say that the nature of every 
interparticle contact is such that the coefficient of friction 
at €ach is identical because most soils consist of mixtures of 
various minerals, contacts between various combinations of which 
have different coefficie~tso Even so 9 it should still be 
possible to nominate an average value for the material regardless 
of the state of stress or straino Such an assumption implies 
that the distribution of contacts between the various types of 
particles in a soil is not changed by the stress or straino 
Before considering internal friction, cohesion, and the 
interparticle forces in more detail it might be as well to 
list and comment briefly upon certain aspects of soil behaviour 
that have been well established by experimento Any explanation 
of friction and cohesion must take the following five points 
into account: 
(i) The multiplicity of definitions of friction angle and 
cohesion referred to above are all connected with failure 
conditions and are defined in terms of maximum principal 
stress differences or maximum principal effective stress 
ratioso However friction (and cohesion) are developed 
with strain and by plotting Mohr's circles for a number 
of samples at equal strains it is possible to get an 
idea of how the parameters developo Schmertmann and 
Osterberg74 have developed a method in which the sample 
is made to undergo changes in effective stress at 
essentially constant void ratio so that the way in which 
the friction and cohesion develop with strain can be 
studiedo An example of this is shown in Figo2o3o This 
diagram demonstrates how the friction angle and the 
cohesion of a remoulded specimen of Boston Blue clay are 
mobilised with straino 
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(ii) Cohesion is observed only for soils that contain some 
clay particles and then only when the soil is overcon-
(iii) 
solidatedo It would be possible to quote many examples 
to illustrate how the cohesion is zero when samples 
consolidated from well above the liquiq limit are tested 
while normally consolidatedo Only that of Henkel27 is 
given here? his results for tests on Weald clay are 
This series of tests 9 both drained 
an'd undrained? for normally consolidated samples shows 
th~t for failure in axial compression and axial 
extension the cohesion is zeroo 
When samples of clay are overconsolidated in such a way 
that all have the same void ratio but different effective 
stresses 9 as illustrated in Figo2o5 9 it is found that the 
friction angle is somewhat less than that for a series of 
normally consolidated sampleso Also when determined for 
a range of void ratios it is found that this angle is 
530 
independent of void ratioo On the other hand the cohesion 
turns out to be an exponential function of void ratioo 
Hvorsiev32 called these parameters the true angle of 
internal friction and the true cohesiono 
(iv) When samples are tested under different conditions of 
drainage different friction angles are derivedo This is 
because some of the work applied to the soil is used in 
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varying degrees of drainage many authors have suggested 
the use of boundary energy corrections to account for the 
work done in producing this volume changeo When a 
suitable correction is applied the friction angle is 
supposed to be independent of the degree of drainage 
during the testo In the example given in Figo2o4 the 
results of the drained and undrained tests give the 
same friction angle because at the failure point for a 
normally consolidated clay the rate of volume change in 
a drained test is zero and no boundary energy correction 
is necessaryo But in the case of an overconsolidated 
clay or a dense sand or silt the volume is still changing 
at failure and the correction is requiredo 
It has been demonstrated by Poorooahasb and Roscoe59 
that for tests on normally consolidated clays that no 
energy corrections are necessary at any stage of the 
stress path for these materialso However for over-
consolidated cohesive soils this is not soo An example 
of how a correction can be used in this case is given in 
Chapter 5 section 8 where the results of some drained 
tests are discussedo 
(v) The macroscopic friction angle measured for a given 
material is generally greater than the interparticle 
coefficient of frictiono As an example the following 
table taken from Lee 44 , gives values of the interparticle 
570 
friction angle~ and the friction angle for de-
formation at constant volume¢ for a range of materials~ 
CV 
Material ~ ¢CV 
(degrees) (degrees) 
Steel balls, 3" diao 7 14 32 
Glass ballotini, 0o25 mm 17 24 
Medium fine quartz sand 26 32 
Feldspar 25-200 sieve 37 42 
In the following pages these five aspects of soil 
behaviour, are considered in terms of interparticle forceso 
The first point to discuss is the reason why a material 
with a constant angle of friction on, the microscale can have a 
variable angle on the macroscale as shown in Fig.2o3o As 
explained earlier the process of consolidating a soil under 
hydrostatic pressure results in a system of forces being set up 
at the interparticle contacts. These contacts can only be 
broken and relative movement take place between pairs of 
particles or groups of particles when the ratio of the normal 
component of the contact force to the tangential component is 
equal to the coefficient of interparticle frictiono However 
after consolidation the contacts are not likely to be arranged 
in such a w~y that the maximum shearing resistance is available 
immediately some shearing stress is applied to the soil. 
During the process of loading some contacts are broken and new 
ones are made so that there is a chance for some rearrangement 
to take place between various particles and groups of particles 
and the shear resistance of the soil increaseso Eventually the 
stage is reached where the soil has mobilised the maximum 
possible resistance to shearing stresso At this point the 
sample continues to deform while the friction angle remains 
constant or in some soils the friction angle may then decreaseo 
Thus the phenomenon of friction angle observed in soil 
mechanics depends on the organisation of particle contacts 
within the sample and reflects the extent to which a soil is 
able to rearrange the existing contacts when shearing stress 
is appliedo 
In the soil mechanics literature such reorganisation 
within the soil sample is known as structural change; where 
structure is regarded as the geometrical arrangement of the 
particles among themselves and is influenced by suci things as 
particle shape and size. The concept has gained great 
popularity and is indeed most helpful when suggesting ex-
planations for phenomena such as those discussed aboveo However 
it does seem to the writer that this is definitely an area of 
soil mechanics where much more research is needed to fully 
justify the present appeal to structural ideaso Also it is 
not easy to appreciate how these ideas can be applied to soils 
that contain a considerable proportion of sand and silt particles 
because these particles do not have the characteristic plate-
like shape associated with clay particles that is regarded as 
such an es·sential element in most considerations based on 
structural concepts. It is suggested here that for these 
cohesionless materials the function normally ascribed to the 
geometrical packing dependent on particle shape is associated 
with the way in which the interparticle contacts are dis-
tributed with direction throughout the sample. That is to say 
59. 
a change in structure for such a material would not be associated 
with any apparent change in the geometrical arrangement of the 
particles, rather, it would be linked with a change in the way that 
the contacts are distributed with direction throughout the soil. 
A further aspect that has an important effect on the 
friction angle measured is related to the restrictions that are 
placed on the way in which the sample may deform. An obvious 
example is the difference between an axially symmetric test and 
a plane strain test. According to the stress dilatancy theory 
developed by Rowe69 the measured friction angle for a given 
material lies somewhere between the interparticle friction angle 
¢,.AL and the value when the sample deforms at constant volume¢ • 
CV 
In the case of axisymmetric deformation there are a large number 
of possible directions in which interparticle slip can occur 
wh;le in the case of plane strain deformation the directions 
in which interparticle slip can occur are very much more 
restricted. This is reflected in the measured friction angles 
after energy corrections: those for axially symmetric de-
formation tend to approach¢µ while those for plane strain are 
greater and lie nearer to~ PCV 0 In other words there are more 
degrees of freedom in the axially symmetric case so that less 
work is required to deform the soilo Another aspect that is 
probably related to the freedom of interparticle movement is 
interlocking between particles because of surface irregularities. 
When there are more allowable directions for interparticle move-
ment it is less likely that interlocking between particles 
because of irregular surfaces, sharp corners, etc. will con-
tribute to the frictional resistance. 
To complete this brief discussion of internal friction 
the effect of void ratio on the observed friction angle is con-
sidered, two cases have to be discussed. 
and without cohesiono 
Firstly cohesionless materials. 
These are soils with 
It was suggested 
earlier in this chapter that void ratio may be regarded as a 
measure of the number of interparticle contacts per unit volume. 
When the void ratio is decreased the number of contacts is 
increased. On page22 a current opinion was stated that the 
contact stress is approximately constant and any increase in 
the applied stress is resisted by the formation of new contacts 
rather than by an increase in stress at existing contactso 
Now as the number of contacts per unit volume increases the 
number of contacts that may be able to contribute to the soil 
strength increases and so the strength will increase as the 
void ratio decreaseso However the discussion of this 
section implies that if the fundamental hypothesis is valid 
then the friction angle developed by cohesionless ~aterials 
should be constant and independent of the number of inter-
particle contacts per unit volume. Experiment shows that 
when the angle of internal friction of cohesionless materials 
is measured there is a characteristic decrease in the friction 
angle as the void ratio increases. However it is found that 
this decrease in the friction angle is related to the rate of 
volume change at failure and when corrections are applied 
for the work done by or against the cell pressure an angle 
that is approximately constant is found. 
It is always found that completely dry or fully 
saturated sands and silts have no cohesiono This suggests 
that under zero stress all the interparticle contacts are 
broken thus explaining why the shear resistance is zeroo A 
possible explanation for the breaking of the interparticle 
contacts appeals to the energy stored in the particles around 
the contact. Although the material is plastic in the 
immediate vicinity of each contact the elastic energy stored 
in the surrounding volume of particle may be sufficient to 
break the contact on unloading. 
To explain the frictional properties of cohesive 
materials in terms of interparticle forces the explanation 
of the behaviour at interparticle contacts given so far has to 
be extendedo In section 2o2 it was pointed out that contact 
stresses. arising from forces of a physico-chemical origin are 
important in cohesive soilso These forces lead to the formation 
of bonds between clay particles that are retained when the 
material is unloaded. The mechanism is set out in the following 
paragraphs. 
The phenomenon of interparticle bonds can be explained 
by considering the nature of the clay particles that are the 
characteristic component of cohesive soils. It is well known 
that when two clay particles are forced close together that 
electrical forces of repulsion and attraction and physical 
forces of attraction come into play. The two most significant 
forces are the electrical repulsion between the electrical 
double layers that surround the clay particles in an aqueous 
environment and the Van der Waals-London attractive force that 
is effective when the particles are sufficiently closeo 
two isolated particles are made to approach from some con-
When 
siderable distance the electrical repulsion first manifests more 
than the attraction but when they are forced very close together 
the attraction will predominate. This has been discussed by 
several writers, including Scott76 ~ and is illustrated in 
When the force between the two particles is great 
enough to reduce the spacing to just below that at point A in 
Fig.206 there will be a spontaneous reduction in the spacing 
\ attraction 
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FIG.206 INTERACTION BETWEEN A PAIR OF CLAY PARTICLES 
and the attraction will bond the particles when the force is 
removedo For a mass of clay particles subjected to a consolida-. 
i, 
tion pressure which is later removed, ioe. becomes overconsolidated 9 
various pairs of particles and groups of particles are bonded 
together and are capable of providing some resistance to shearing 
stresso 
When a cohesive soil is unloaded after the formation of 
these bonds there is a decrease in the stress at the bond although 
it is not broken as happens with cohesionless materialso If the 
stress is later increased the contact stress at the bonds will 
increase. It is suggested here that during unloading or re-
loading.no new interparticle contacts are formed until the 
previous maximum value of the applied stress is reachedo In 
other words this suggestion implies that in an overconsolidated 
cohesive soil the number of interparticle contacts is constant 
at stresses below the preconsolidation pressure and that changes 
in the applied stresses are accommodated by changes in the contact 
stresso Thus the interpretation suggested here of the behaviour 
at interparticle contacts in a cohesive soil is not the same as 
that of Scott76 and Schmid73 o It is the opinion of the writer 
that the constant contact stress situation is probably valid for 
copesionless materialso It has already been suggested that on un= 
loading contacts between cohesionless particles are broken but for 
a cohesive material the behaviour is complicated by the presence of 
the attractive forces. At the interparticle contacts there are 
forces originating from the attraction and also forces required to 
equilibrate the externally applied stresses. When these externally 
applied stresses are removed or reduced a decrease in the stress at 
the contacts would seem likely. Such a decrease in stress would 
be unlikely to lead to the breaking of interparticle contacts 
because the formation of the attractive bonds is not reversible by 
simply removing the applied stresses that lead to their formationo 
Hence it is suggested that the maximum stress occurs at a given 
contact during the formation of a bond. At that stage both the 
64ao 
force due to the attractive bond and due to the applied stress must 
be equilibratedo On removal of the external stress the contact 
stress decreases and on reapplication of the external stress the 
contact stress increases. While the applied stress is equal to 
or less than the previous maximum no new interparticle contacts 
would be formedo This idea is now used in discussing the two 
distinct friction angles associated with cohesive soils, that for 
the normally consolidated state and that for the overconsolidated 
stateo 
Hvorslev's true angle of friction is valid only for 
overconsolidated materials and is determined from a series of 
overconsolidated samples all at the same void ratio but under 
different stress conditionso Using the suggestion made earlier 
this requires that the number of interparticle contacts in 
each sample is the same. Possibly then Hvorslev 1s so called 
true angle of internal friction reflects the increase in 
shearing resistance when the average load at a constant number 
of interparticle contacts is increased. On the other hand the 
friction angle for normally consolidated clay, such as that 
illustrated in Fig.2.5, probably combines two effects, that due 
to the resistance provided by existing contacts and that due to 
the formation of new contacts. The combination of these two 
effects would lead to the higher measured friction angle for 
normally consolidated materialso 
Finally the phenomenon of cohesion is now discussedo 
As mentioned above cohesion is only observed for overconsolidated 
clayso It is manifested by a soil having some resistance to 
shearing stress even when the isotropic component of the stress 
tensor is zeroo To be consistent with the fundamental 
hypothesis this requires that when clay soils are allowed to 
swell back to zero consolictation pressure there must be some 
normal force effective at the interparticle contacts built 
into the materialo Such resistance could be provided by the 
bonds that exist in overconsolidated materialo 
Consequently there are two mechanisms that provide 
shearing resistance in an overconsolidated cohesive soilQ 
Firstly the balancing of the isotropic component of the stress 
system at the particle contacts gives rise to a certain amount 
of resistanceo The mobilisation of this resistance is 
responsible for the friction angle discussed aboveo To balance 
the applied stresses requires that at the component of the force 
transferred at the contacts is one of repulsiono On the 
other hand there are the contacts between clay particles and 
groups of clay particles discussed abov·e which are formed 
during the conso.lidation process and across which there is a 
net force of attractiono The observed shear resistance is 
the summation of these two effectso The first is directly 
related to the applied stress system and the result of inter-
particle friction. The other component is more or less 
independent of the applied stress system because the attractive 
forces have been built into the sample by the previous con-
solidation history. Although these forces will provide some 
shear resistance they will not be greatly influenced by the 
isotropic component of the stress system as long as the 
previous maximum consolidation pressure is not exceeded. 
That is provided no new contacts are formed by the process 
considered above. This explanation of cohesion implies 
that physically there is no difference between friction and 
cohesion, and that both are explained in terms of inter-
particle friction. The difference at the phenomenological 
level is one of ignorance: the cohesive component of strength 
is caused by attractive forces whose magnitude is unknown but 
which can be inferred in some cases if Hvorslev's true angle 
of internal friction is known. 
This proposition also implies that if the interpretation 
of Hvorslev 1 s true angle of friction given on page 64 is correct, 
that is if it does reflect the coefficient of friction at a 
constant number of interparticle contacts, then some restriction 
must be placed on the method of determination shown in Fig.2.5. 
Samples at various void ratios are prepared by subjecting the 
soil to cycles of loading and unloa~ing. By this means it is 
• 
possible to prepare samples at constant void ratio and yet with 
different values of the isotropic component of the stress tensoro 
It would seem that the situation in which the number of inter-
particle attractive bonds is constant can only be achieved when 
the maximum past consolidation pressure is the same for all the 
samples. Any increase in the consolidation pressure above the 
previous maximum will result in the formation of new attractive 
bonds between particles and hence lead to different values of the 
cohesive component of strength. Similarly this would explain 
why Hvorslev's true cohesion is a function of void ratio, 
increasing as the void ratio decreases. Lower void ratios 
require larger consolidation pressures so that there will be 
a greater number of particles aggregated .by the f6rces of 
attractiono On shearing ~he cohesion will be greater because 
a larger number of these bonds are able to contribute to the 
shearing resistance. 
On the basis of this approach to cohesion in terms of 
interparticle friction it is possible to suggest that the co-
hesive component of strength can be accounted for by adding 
an extra t~rm to the isotropic component of the stress tensoro 
This idea has been suggested by Badillo3 , Schmid73 , Trollope89 
and others. The magnitude of the stress component could be 
determined by projecting the failure envelope and taking the 
intercept on the pressure axis. However there are two 
possible disadvantages associated with such an idea. In the 
first place the cohesion is not constant but is a function of 
strain as shown in Figo2o3o This change is no doubt associated 
with the gradual shearing and rupture of some of the attractive 
bonds. Secondly the addition of a small component of pressure 
could be objected to on the grounds that the actual types of 
stress responsible for cohesive resistance and frictional re-
sistance are rather different in nature and cannot simply be 
added. As explained earlier the interparticle action necessary 
to equilibrate the applied stress system must be one of repulsion 
while that between clay particles pushed very close together is 
one of attraction. Even though these attractive forces do not 
contribute to equilibrating the externally applied hydrostatic 
pressure they are capable of providing shear resistance because 
friction can be mobilised under forces of repulsion and 
attraction. 
One further aspect of the phenomenon of cohesion that 
needs clarification is related to the lack of cohesion in normally 
consolidated clays. The above discussion of the process by 
which the aggregation of clay particles takes place leads one to 
expect that these bonds are formed during the consolidation 
process and consequently must exist in normally consolidated soil. 
The following explanation is based on the suggestion made on 
page 65 that the difference between the friction angle of a 
normally consolidated clay and an overconsolidated clay is due to 
the contribution of the attractive bonds. 
Consider a very wet slurry of clay at a moisture content 
well above the liquid limito For the olay to remain in such a 
state the applied stresses must be negligible and the strength is 
effectively zeroo This means that at such low stress levels the 
number of interparticle contacts is insignificant and thus there 
will be effectively no interparticle attractive bonds. This 
means that when the applied stresses are virtually zero the clay 
can mobilise no strength either from friction or cohesion because 
there are effectively no interparticla contactso 
Now ae the applied stresses are increased the void ratio 
of the slurry decreases and the strength increases. As the applied 
stresses are increased more and more interparticle contacts are 
required to equilibrate the applied stresao It is well known 
that for consolidation from a slurry a linear :i:elation is found 
between the void ratio and the logarithm of the applied atresso 
The fact that Hvorslev 1 a trne oohesion is an exponential function 
of void ratio means that there is also a linear relation between 
the logarithm of c and the void ratioo 
e 
This in turn implies 
that there must be a linear relation between the applied stress 
and c o 
e 
Thus at any void ratio the component of strength due to 
the shearing of interparticle bonds for a normally consolidated 
clay is linearly related to the applied stress as is the component 
due to interparticle friction. This can be expressed as: 
(''{'_)::: C+F 
nc a 
where (t ) is the strength of a normally consolidated clay at nc e 
void ratio e 9 C is the strength component derived from the shearing 
of interparticle attractive bonds and Fis the component due to 
interparticle frictiono Because of the linear relations mentioned 
above the expression for (f ) can be expressed as: 
nc e 
where p is the applied stress required to produce normally con-
nc 
solidated clay at a void ratio e 9 ~ is HvorslevQe true angle of ,., e 
internal friction and /a 0 is the angle defined by th<e linear relation 
between the applied stress and Hvorslev•s true cohesiono !J.'hus it 
is seen that the friction angle far a normally consolidated clay is 
the sum of the above angles and also that when ·p is zero there nc 
can be no strength derived from cohesion or friction and thus the 
failure envelope for a normally consolidated clay passes through the 
origin as demonstrated in Figo2o4o 
A final comment required to complete section is related 
to the mechanism by which clay particles became aggregatedo So 
far only one mechanism has been considered - the predominance of 
the Van der Waals-London foroe of attraction at small particle 
spacingso However 9 it is probable that there exist many other 
natural processes that lead tot.he bonding of particleso None of 
these is discussed here because it is thought that regardless of 
the actual mechanism of bonding the mechanics of cohesion will be 
similaro 
These tentative ideas about effective stress, internal 
friction and cohesion are discussed further and applied to the 
behaviour of the particular soil examined in this thesis in 
chapter 5o 
CHAPTER THREE 
SOIL AS A PLASTIC MATERIAL 
3.1 INTRODUCTION 
In this chapter the possibility of using one branch of 
continuum mechanics 9 the theory of plasticity 9 to predict the 
stress~strain behaviour of soils is discussed. Thus the view-
point is different from that of Chapter 2 where the soil was 
regarded as an assemblage of individual particleso Now the 
soil is regarded as a continuum al.though the conclusions derived 
from Chapter 2 are still presumed to apply. 
The object of any complete theory about the mechanical 
behaviour of a material is to describe completely the state of 
stress and strain at all points of the material. The solution 
of such problems 9 subject to certain specified boundary con-
ditions9 is the task of continuum mechanics and the general 
method is to set up such appropriate differential equations as 
are required to describe the problem in hand and solve the 
equations for the unknown quantitieso 
Certain features of this process are common to all 
continua. Firstly the same basic equilibrium equations must 
be satisfied for apy material, regardless of its properties. 
Secondly some condition is required on the allowable deforma-
tions, eogo the compatibility equations used in the theory of 
elasticity or th~ continuity equation used in fluid mechanics. 
Thirdly a constitutive relation 9 describing the properties of the 
material under consideration 9 is neededo This usually has the 
form of a relation between stress and strain or increments of 
stress and straino 
Only the third of these common features is considered in 
this thesis 9 in that all the work is directed towards clarifying 
the type of relation needed to describe the stress-strain be-
haviour of a compacted soilo There is no discussion of methods 
needed to solve the boundary value problems mentioned aboveo 
Evidently calculations based on the assumption that soil 
is a linearly elastic solid are used commonly to predict stresses 
and strains occurring in a loaded soilo This assumption may be 
justified in some (but by no means all) soil mechanics situations 
and one suspects that the widespread use of the theory of elas-
ticity is more a matter of convenience rather than realistic re-
presentation of soil propertieso 
Experimental investigations show that many soils are 
susceptible to time dependent shear and (after the completion 
of primary consolidation) volumetric deformation 9 and this has 
suggested the use of viscoelastic models to predict soil be-
haviouro In this case the additional variable~ time 9 intro-
duces one further element of complexity and solutions become 
more difficult to obtaino Two further problems associated 
with the use of these models are firstly that the more complex 
models do not give a unique representation of the contribution 
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of the various components, and secondly, that the models are 
essentially one-dimensional~ so that the representation of two 
and three dimensional behaviour is rather difficulto 
Another different approach is to treat the soil as a 
plastic material, and to develop incremental stress-strain 
relationso This is the method used in the remainder of this 
thesis. In common with the hypothesis that soil is an elastic 
material 1 or that it can be represented by a simple rheological 
model, there are certain disadvantages in regarding a soil as 
a plastic material. Perhaps the most significant of these is 
that the theory of plasticity makes no allowance for time effects~ 
so that time=dependent shear and volumetric deformation have to be 
neglected. Of course, there is no difficulty in accounting for 
the most significant time effect in soil mechanics - primary 
consolidation. This is because primary consolidation can be 
regarded simply as a time dependent increase in effective stress 
which leads to a corresponding change of volume. However, creep 
and secondary consolidation are apparently associated with 
I 
constant effective stress and can not be allowed foro At this 
stage the introduction of a distinction pointed out to the writer 
by Elms* is worthwhile. The equations of continuum mechanics 
apply at a point within a material. Now in the theory of 
plasticity it is assumed that the material has no time dependent 
propertieso This requires that when the state of stress is 
* Private communication. 
' altered at a point there is an immediate response in the state 
of strain at that pointo In dealing with a finite body of 
material the observed response is the summation of the response 
at a large number of distinct points within the body. Soil is a 
multiphase material so there is the additional complication of 
the coupling between the phases. When an arbitrary stress 
increment is applied to a body of soil there is usually some 
pore water pressure generated. As has been explained in 
Chapter 2 such pore pressures will equilibrate some of the 
applied stress incremento If drainage is allowed there will 
be a time dependent deformation of the material as the pore 
water pressure dissipates. The time required for this process 
depends on the permeability of the material and the size of the 
body of soil, but not on the equations governing behaviour at 
a point within the material. Thus time dependent consolidation 
of soils is not an inherent property of the material itself, 
it is merely a consequence of the limited permeability of the 
material and the physical dimensions of the body of soil. On 
the other hand creep and secondary consolidation are inherent 
time dependent properties and so these must be accounted for in 
the equations that describe the behaviour at a point within the 
material. 
The inability of the plastic theory to account for 
creep deformation is not too great a disadvantage for the 
particular soil investigated in the compacted state in this work 9 
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as the tendency of this material to creep is not very significanto 
It is the contention of the writer that the theory of plasticity 
gives the most satisfactory interpretation of the behaviour of 
the soil investigated hereo Although the plastic approach gives, 
at best, only an approximation to the very complex behaviour 
exhibited by the material, it can predict stress-strain behaviour 
that is much more realistic than the elastic idealisation, and 
yet in a way that is a good deal simpler than a realistic 
rheological modelo 
3o2 APPLICATION OF THE THEORY OF PLASTICITY TO SOIL MECHANICS 
The first serious attempt to examine the stress-strain 
behaviour of soils in the light of the theory of plasticity 
seems to have been made by Drucker, Gibson and Henkel 19 , whose 
conclusions were reasonably encouraging. The approach has 
also been applied to normally consolidated clays by Roscoe, 
Schofield and Thurairajah65 with some success, and further 
extended and refined by Roscoe and Burland67 o Thus it is not 
unreasonable to expect that a similar approach might be valid 
for a compacted soil, which has properties similar to those 
of an overconsolidated clayo This possibility is examined 
in Chapter 5, while the remainder of this chapter is divided 
in to two distin<it•·" parts o Firstly the concepts of the theory 
of plasticity are prese~t~d and the way in which they must be 
modified to acco1,1nt -·_for· soil behaviour is indicated and then 
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the work of the Cambridge research group is briefly reviewed and 
its relation to the theory of plasticity examined. 
As explained in Chapter 2 it is convenient to refer to the 
state of stress in a continuous material by means of the stress 
tensor 9 O"ijo The beauty of this shorthand notation by which 
all nine stress components can be represented with a single term 
is that it provides an elegant means of writing otherwise clumsy 
equations o The way in which the components of a tensor are 
affected by changing the axes of reference is important. It 
can be shown that certain quantities always remain the same 
regardless of the orientation of the axes; these quantities 
are called invariants and are extensively used in the theory of 
plasticity. 
defined as: 
The first invariant of the stress tensor is 
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oooo••••oooooeoooooooO (3o1) 
Where cr-11 etc. are the principal values of the stress tensor. 
Equation (3.1) shows that the first invariant of the stress tensor 
is three times the hydrostatic pressure (or isotropic component 
defined in Eqo(2.9). Because it is convenient to distinguish 
between effects caused by the isotropic or hydrostatic component 
of the stress tensor and those caused by the remaining part 
the so-called deviatoric stress tensor 9 introduced in Eq.(2.10) 9 
is used. It can be defined by 
s 
ij c> • o $ o o • • o o o o o o o o o o o o o • o o o o o o o o o o o o (3 o2) 
where 5ij = 1 when i = j and sij = 0 when i I jo The first 
invariant of the deviatoric stress tensor is zero but the second 
and third invariants are important in the theory of plasticity 
and are given by: 
J is s 
2 = 2 ij ji 
and 000000000 
Any function of the invariants is, of course, itself invarianto 
Similar definitions apply to the strain tensor, eijo 
Also in the theory of plasticity the strain tensor is supposed to 
consist of two independent parts, an elastic and a plastic 
component, so that: 
= 0•••••0•00•••00•09o•o•o•ooo•e•o•ooo•oo (3o4) 
where ~eij and tpij are the tensors of elastic and plastic strain . . 
respectively. The notation € .• and a . . is commonly used in the 
1J 1J 
theory of plasticity to denote the strain and stress increment 
tensorso However in this thesis the notation d~ .. and da .. 
1J 1J 
will be used as it is more conveniento 
·The most important concept used in the theory is that in 
t 
the stress space* a yield surface exists which gives the boundary 
* The stress spa,ce is defined by a three dimensional Cartesian 
coordinate system the axes of which give the directions of the 
principal stres~eso 
between those states of stress in which the deformation of the 
material is entirely elastic and those in which elastic and 
J 
plastic deformation is involvedo In the principal stress space, 
this surface encloses the origino All stress points inside this sUl"= 
face give elastic, and only elastic, strains while those on the 
surface g~ve elastic and plastic strainso The stress point can 
lie anywhere on or within the current yield surface but not 
outside ito 
When the stress point is on the yield surface a further 
distinction is introducedo For a material that is perfectly 
plastic there can be no further increase in stress when the 
yield surface is reachedo So while the stress point is on the 
yield surface, plastic deformation resultso However for a 
work-hardening material there are three possibilities when the 
stress point is on the yield surfaceo Firstly a stress 
increment can be directed inside the yield surface and the stress 
point moves away from the surfaceo This is known as unloading 
and some elastic strain will be me-as-u..r.ed 11 Secondly, from a 
stress increment directed out~ards from the surface plastic 
deformation occurs and the material work-hardenso This work-
hardening changes the yield surface and, in general, a change 
in its position, shape and size can occurp However the new 
yield surface, known as a subsequent yield surface, must be such 
that the new stress point lies on ito Thirdly it is possible 
for the stress increment to be tangential to the yield surfaceo 
In this case no work-hardening occurs so there can be no plastic 
deformation for a work-hardening materi~l under this type of 
loading, called neutral loading. These three cases are shown in 
It is usual to assume that for isothermal deformation the 
equation describing the initial and current yield surface is a 
function of current ·stress, current plastic strain and a para-
meter describing the amount of work-hardening. This function is 
referred to as the _loading function and is given by Naghdi 51 as: 
80., 
f(O" .. ,£P ... ,o<) = 0 
. J.J J.J 
0 0 • 0 0 0 •• 0 0 0 • 0 0 • 0 ••• •,_~ 0 0 • 0 1) <> 0 0 0 0 0 0 0 0 0 0 ( 3 0 5) 
where o< is a work-hardening parameter. 
incremental change inf is: 
During work-hardening the 
df = 
df of 
~ dO-.• + 
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FIG.3.1 TWO DIMENSIONAL SECTION OF YIELD SURFACE 
SHOWING TYPES OF LOADING 
When the stress point is on the yield surface, f = O, the three 
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oa ij i 
df ...,.-- dO" .. PO, f = O, df~~ 0 
qO-ij iJ T 
It is usual to take a work-hardening parameter of the 
following form: 
= jtr .. d~P .. 
. J.J J.J 
•ooo•o•••oooooooooGQOOOO (308) 
The work-hardening discussed up to this point is of a 
very general nature; however there seems to be some justification, 
as explained below, for assuming that the work-hardening of soil 
is of a much simpler kind. It is assumed that the work-hardening 
of soil is isotropic, i.eo for an increment of plastic deformation 
the whole yield surface expands uniformly. The series of triaxial 
compression and extension tests performed by Henkel27 on normally 
consolidated and overconsolidated clay seems to justify this 9 
particularly if one agrees with the explanation, given by Ladanyi38 , 
of the discrepancies between compression and extension tests. This 
assumption of isotropy represents the first of two major departures 
from the gonventional theory of plasticity as it was developed to 
account for the properties of metals. It is well known that many 
metals work-harden anisotropically and exhibit the Bauschinger 
effect which complicates the theoretical treatment of the deforma= 
tion of metalso 
Another commonly used term in the theory is plastic 
... -----
potentialo This is similar to the velocity potential used to 
describe irrotational flow in fluid mechanics. It is a scalar 
function, the derivitives of which give the direction of the 
components of the plastic strain increment tensor. It is 
usually denoted by g(O'.,,,EP. , 71)(.)o 
J.J 1J 
Since the gradient of a 
scalar function is a vector whose direction is that of the out-
ward normal to the function, one can conclude that the existence 
of a plastic potential requires that the plastic strain increment 
vector be normal to the plastic potential functiono 
Using the loading criterion, Eq.(3.7), it is now possible 
to postulate a general constitutive relation for a work hardening 
plastic material after Hi1129 : 
p 
dE: ij = o • o • o o o o o o o o o o • o • o • 9 o o o o • o o o o o (3o9) 
where g is the plastic potential function, 
f is the function describing the current yield surface 
and h(a'.j,f/ . . ,O<) is a scalar function. 
1 J.J 
r ,./ r· / i,jl, cl up), G ,;,.- <' 1 ·• 
\ . ; 
In the terminology of the theory of plasticity a relation like 
this between increments of plastic strain, the loading function, 
and the plastic potential function is known as a flow lawo Apart 
from assuming that the functions f and g exist and that they are 
not functions of increments of stress and plastic strain, Eqo(3o9) 
is based on the assumption that the principal axes of the strain 
increment tensor coincide with the principal axes of the stress 
tensoro The generality of Eq.(3o9) obviously rules out any 
description of plastic behaviour simple enough to have practical 
appeal, so that it is necessary to look for realistic simplifica= 
tionso Two lines of attack are possible. One could proceed on 
a rational basis and from known properties of the plastic de-
formation impose restrictive conditions; alternatively, quite 
arbitrary simplifications can be made and their validity checked 
by experiment. The usual approach falls somewhere between these 
two. 
As an example, it is known that the isotropic component 
of the stress tensor has no effect on the yielding and plastic 
deformation of metals and that there is no plaqtic volumetric 
strain. From this experimentally observed fact the so called 
condition of incompressibility is applied, i.e. 
However it is equally well known that the behaviour of soils is 
very dependent on the isotropic component of stress so that the 
incompressibility condition cannot be used in soil mechanicso 
This is the second major difference between a theory of 
plasticity valid for soils and one suitable to describe the 
'behaviour of a metal • When dealing with the plastic deformation . 
of metals it is not uncommon to simplify E~.(3.5) by assuming 
~hat the work hardening can be accounted for in the loading function 
by a simple scalar parameter and the stresses included as functions 
of the invariants of the stress tensoro Because of the con-
di tion of inc1ompressi bili ty it is appropriate to use the 
invariants of the deviatoric stress tensor, the first invariant 
of which is zeroo Thus Eqo(3o5) is simplified to: 
= C 
where C is a function of the work hardening parameter°' defined in 
Eqo (3 08). Now in a soil in which the plastic volume change is 
not, in general, zero a slightly different form is needed in 
which the first invariant of the stress tensor appears: 
= C oe•o•••60•oo•o•oooooo•ooooooooooeoo 
where r1 is the first invariant of the stress tensor defined in 
Eq.(3o1) and J 2 and J3 are the second and third invariants of the 
deviatoric stress tensor defined in Eqo(3o3)o 
A further assumption or restriction on Eqo(3o9) is 
related to the direction of the plastic strain increment vectoro 
Regardless of one's position it is most convenient to assume that 
the plastic strain increment vector is normal to the current yield 
surface. However one's reason for wanting to make this assumption 
will be very dependent on viewpointo For example a mathematician 
will want to solve boundary value problems associated with the 
plastic behaviour of a given material and normality of the strain 
increment vector leads to very useful conclusions about the 
uniqueness of the solutions. The emphasis in this thesis is on 
the physical behaviour of soils~ so that it would be very 
satisfying if the assumption of normality could be justified 
h . 1 d T th' d "h h of D~u~.ke~20 , 23 on p ysica groun So o is en ~ e approac. ~ v L 
is most attractiveo 
Drucker starts by making a simple postulate about the 
material behaviour, a postulate whose validity is easily checked 
when inspecting the results of actual testsa '.I'he postulate is 
based on consideration of a body under an existing state of 
stress (f. ·~ to which some external agency applies a small 
1J 
increment of stress dQ"'ijo Drucker postulates that a stable 
mat~rial• is such that: 
"The work done by the external agency on the change 
in displacements it pr·oduces must be positive or zeroo 11 
o" o o o o o o o o o o o o o o ¢ o a o o,., Q coo o o o o o o o o (3o '10) 
where the strain increment is produced by dO-.. o 
J.J 
The interpretation 
of this postulate in the case of a one dimensional test is given 
stress d<i:. ,d:ir •• ~ 0 l.J lJ 
._ __________________ .,...,...strain 
ILLUSTRATION OF DROCKER'S STABILITY POSTULATE FOR 
A .SIMPLE ONE DIMENSIONAL TEST 
In a simple test like this the material is stable while the stress-
strain curve is rising but when the curve is falling the material 
violates the stability postulate because an increase in strain 
leads to a decrease in stress so that dU, . d€ .. < Oo 
1J 1J 
In the 
stress space instability is manifested by a shrinking of the 
yield surfaceo During the application of an outward directed 
stress increment the yield surface contracts at the stress point 
rather than expands as required for work-hardeningo 
On the basis of the satisfaction of this postulate Drucker 
was able to derive the following two most significant conclusions~ 
(i) In the stress-space the yield surface must be convexo 
(ii) The plastic strain increment vector must be in the 
direction of the outward normal to the yield curve at 
the stress pointo 
It was pointed out in the introduction to this chapter 
that the laws of mechanics must hold for all continuao So that 
in addition to the equilibrium equations mentioned the laws of 
thermodynamics must be satisfiedo Drucker emphasises that his 
postulate is not a statement of any law of thermodynamics~rather 
it is applied to the material in addition to the laws of mechanics 
and thermodynamicso In other words the postulate can be regarded 
as a definition of a stable plastic materialo The work done by 
the external agency is only part of the total work 9 W9 done by 
the application of dcr .. , which is~ 
1J 
w = o->ooc-••00000000•000000000000 (3o11) 
8'} I O 
It is this total work that must be zero or positive by the second 
law of thermodynamicso It is clearly positive even when 
Drucker also emphasises that fulfilment of the 
postulate means that the only type of flow law possible is one 
with the plastic strain increment vector normal to the yield 
surface. Application of any other type of flow law is invalida 
When the stability postulate can be applied to a material 
a considerable simplification of Eq.(3.9) is possible. The 
normality of the plastic strain increment to the yield surface 
implies that the:loading function,and the plastic potential 
• ' ·1 8 function are identical - this was shown to be the case by B_and • 




0 Q O O (JOO O O O O O O O O O O O O O O O O O O O O O O O (3 0 ·12) 
In this form the stress-strain relation is known as an associated 
flow law. 
Drucker was able to extend the implications of his postnlat~1 
even further. In ref.20 he showed that the function h in Eq.(3.12) 
could depend on O-ij 9 (;Pij and the history of loading but must be 
independent of d<Y ..• 
lJ 
This brings out an important property of the 
constitutive relation, Equation (3.12), that has been emphasised by 
1 'I Burland •. Equation (3.12) mny be rewritten as~ 
dE..p .. 
J. J 
= o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o ( 3 a 12a) 
where df is the incremental change in the loading function during 
work-hardeningo The terms hand df are scalar quantities but the 
components of the plastic strain increment tensor and the components 
of of/o,ri j are vectors O And so it is evident that the direction 
of the components of the plastic strain increment given by Eqo(3.12) 
depends only on the gradient 9 Jf/2)Li ..• lJ 
Thus at any point on the 
yield surface the direction of the components of the plastic strain 
increment tensor is a function of the yield surface at that point 
and is quite independent of the direction of the stress increment. 
This is the major difference between a constitutive relation for a 
plastic material and one for an elastic material. There is always 
a relation between the direction of the applied stress increment 
and the corresponding strain increment for an elastic materialo 
The only significance that the stress increment has in Eqo(3.12) is 
in determining the magnitude of df and hence the magnitude of the 
plastic strain increment. Thus although Eq.(3.12) can be written 
as a linear relation between increments of stress and increments of 
strain it is a very different type of linear relation from that 
for an elastic materialo This linear version of Eqo(3o12) has 
the following form~ 
p 
dt ij = 0 0 0 Q- 0 0 o () 0 o ~ ~ 0 0 0 0 & 0 0 0 (l COO O O O O O O O O O O O (3o 13) 
where Aijkl is a fourth order tensor, depending on the properties 
of the materialo It is not a physical constant and must be 
evaluated at each stage of the loadingo However for much work 
the following form of the associated flow law is used~ 
p 
d~ ij = d)\>< 2) f •••• o •• o ••••• o •••• o •••••••• o o • • • • • • • • • • • ( 3. 14) v IY • . lJ 
where d~ is a positive scalar multiplier that varies during loading. 
An assumption underlying Eqs.(3.12) 9 (3o13) and(3.14) that 
is required when proving that Drucker 0 s stability relation leads to 
the normality of the plastic strain increment vectors is that the 
principal axes of the stress tensor and of the plastic strain 
increment tensor coincide. Apparently this was first introduced 
to the theory by StoVenant. Examination of the behaviour of 
metals undergoing plastic deformation justifies this assumption 9 
but for soils it would seem necessary to reconsider the matter. 
This can be done with the aid of Eq.(3.13) and some knowledge of 
the conditions to which the sample under test is subject. 
The first step is to derive a relationship between the 
various components of the tensor Aijkl so that the principal axes 
of the stress-increment tensor coincide with the principal axes 
of the plastic strain-increment tensor. The approach used here 
is similar to that suggested by Sokolnikofr82 in connection with 
a similar problem in the theory of elasticityo Assume that the 
principal axes of the stress-increment tensor are known. Then 
the principal axes of the stress-increment and plastic strain-
increment tensors will coincide if it can be shown that all the 
components of the plastic strain-increment tensor, d~ P .. 9 for 
J. J 
which i J j,are zero in the three orthogonal planes defined by 
the principal directions of the stress increment tensoro 
Because of the symmetry of the stress and plastic strain-
increment tensors the following relation holds~ 
= Aijlk and Ajikl 
This reduces the number of independent components of Aijkl from 
In the principal planes of the stress-increment space 
those components of do-.. for which i -J j are zero, so using this 
. lJ 
and Eq.(3.15) the expanded form of Eq.(3o13) is~ 
p 
de- 11 = A 1111 do-11 + A1122do-22 + A1133d(J33 
p 
dE. 22 = A2211 da-11 + A2222do-22 + A2233d0'"33 
dE-p33 = A3311dtr;1 + A3322d()22 + A3333d<Y33 
d~p 
13 = A1311da-11 + A1322d<.>22 + A1333da33 
p 
dE: 32 = A3211 dcr-11 + A3222d0-22 + A3233d0-33 
dEP21 = A2111d0-11 + A2122da-22 + A2133dc,33 
Actually this expansion presumes that the principal directions 
of Aijkl coincide with those of dO-ij" This is not severe as 
normally one would have sufficient knowledge about a material to 
nominate the principal directions of its propertieso The last 
three equations in the above expansion must all be equal to zero 
if the principal directions of dcr .. and dE:p .. are the same o 
lJ J.J 
Since the stress components are not zero this occurs when the 
value of the following determinant is zero, ioeo:-
= 0 o o e o o • • o o o o- o o o o o o o o o o o ¢ ( 30 -16) 
This is true for isotropic materials and for materials with 
most of the common types of anisotropy. Its application to the 
particular soil considered in this thesis will be discussed in 
Chapter 60 
Now Eq.(3.16) gives a requirement for the coincidence of 
the principal axes of the stress-increment and plastic strain= 
increment tensors. However St. Venant's hypothesis was con-
cerned not with the stress increment tensor, drr.". 9 but with the lJ 
stress tensor, rs . . o 
J. J 
So that the relationship between the 
principal directions of the stress-increment tensor and those 
of the stress tensor is now required. This can be obtained by 
examining the nature of the test to which the sample is subjected. 
In the case of the triaxial test, the only test used in this 
project, the principal directions are fixed and do not vary 
during the test. Thus in triaxially tested s~ecimens the 
principal directions of the stress-increment tensor coincide with 
the principal directions of the stress tensor. 
Therefore one can conclude that for a sample tested in 
the triaxial apparatus 9 provided the sample is mounted so that the 
principal directions of the soil properties are oriented in the 
principal directions of the applied stress system and if Eqo(3.16) 
is satisfied, then the principal axes of the stress tensor will 
coincide with the principal axes of the plastic strain-increment 
tensoro 
A further question that must be considered is: Is it 
reasonable to expect Drucker 1 s postulate to be fulfilled for 
18 10 
a frictional material such as soil? Drucker , Brown and 
Palmer54 have all shown by means of simple models that a 
frictional material can violate the postulate. Furthermore it 
21 
has been suggested by Drucker that frictional and plastic 
deformation are fundamentally different. During frictional 
deformation sliding takes place between the two bodies, there 
being no displacement normal to the plane of sliding. But for 
plastic deformation, normality of the strain increment vector 
requires some displacement normal to the direction of sliding. 
These two cases are shown in Fig.3.3. 
(a) Frictional 
/~ 
1N r--- - -·--, 
~/,..._/_/_~_ ;; ;;-
( b) Plastic 
PLASTIC AND FRICTIONAL DEFORMATION 
The models proposed by these authors show that for a 
frictional material the stability postulate may not be fulfilledo 
However none of these models leads one to conclude immediately 
that because a soil is basically a frictional material the 
postulate does not apply. Soil is a very much more complex 
material than any of these simple models suggest and because of 
this additional complexity one can imagine ways in which the 
material can deform in a frictional manner and yet not violate 
the stability postulate. For example soil, although frictional, 
certainly does not deform in the manner of Figo3o3a. 
because soils generally dilate during deformation. 
This is 
Thus the suggestion, based on simple models, that 
frictional materials may not fulfil the stability postulate 
serves as a reasonable caution but any specific case can only 
be decided by examining the results of actual tests. 
One further assumption that is implicit in all the 
discussion up to here is the homogeneity of the state of stress 
and strain throughout the sample. This is a necessary require-
ment for all the work reported in this thesis because the stresses 
I 
and strains throughout the sample are calculated from the stresses 
applied to and the displacements observed at the boundaries of the 
sampleo When a sample approaches failure by deforming uniformly 
throughout homogeneity can be assumed, but when failure is related 
to the formation of a slip plane or planes, inhomogeneity of 
deformation has developed and the strains calculated from boundary 
930 
H 
displacements are no longer those that actually occur along the 
slip plane. However an interesting relation is found if the 
ratio of the components of deformation is considered for a sample 
deforming with a slip plane in a triaxial testo 
For the sample deforming with a single inclined slip plane 
as shown in Figo3.4 an~ assuming that all the volume change occurs 
in the slip plane then the full increment of volumetric strain is:-
AV cosG 
TT R2 t 
where AV is the change in volume and the other factors are defined 




FIG. 3.4 SAMPLE WITH A SLIP PLANE 
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Using the definition of shear strain given in Eq.(3.24) the 
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o • o • o o o o o • • o o o o Q o o • 9 o o' ci, o o o o o o o o o o o o o o ( 3 o 17 ) 
Thus the ratio of the increments of true strain is equal to 
the ratio of the increments of apparent strain when a slip plane 
forms in a sample deforming in a triaxial test so that any relation 
depending on the ratio of strain components should not be in-
fluenced by inhomogeneous deformation. Because of the incremental 
form of the relation given in Eq.(3.17) it remains true oven though 
the thickness and inclination of the slip plane may change as the 
material deforms. The relation also remains valid when a certain 
proportion of the total change in height occurs along the slip plane 
and the remainder in the rest of the sample. 
Finally in this section a possible generalisation of Eqo(3o14) 
is discussed. The equation describing the loading function 9 
Eq.(3.5); is sufficiently general to include the possibility of 
the yield surface, although remaining convex, having corners and 
edges and so not being a surface of uniformly changing curvature. 
Such portions of the yield surface are called singular in dis-
tinction to other parts called regular. Koiter36 suggested 
that in this case the yield surface could be specified by several 
distinct loading functions. At a state of stress within the 
closed space formed by all these surfaces only elastic deformation 
can occur and so all the loading functions must have negative 
values. For a state of stress in the yield surface at least one 
yield function vanishes and none of the remainder can be positiveo 
Koiter 1 s generalisation of Eqo(3.14) is written:-
dt? .. lJ = 
n ~ (n) 
'2:,. df\(n)£!__ 
i=j o (;ij o"ooo•eoo•eQOOooet()OQOOooooo, (3.,18) 
where f(n) are the separate loading functions, and where the 
summation is taken over only those loading functions that vanish 
at the loading point, Le. f(n\a-.. ) = o. 
J. J 
From Eq.(3.18) the 
plastic strain increment vector consists of several independent 
components, but each component is normal to its respective yield 
surface. This implies that at a corner or edge in the yield 
surface the plastic strain in~pement vector must lie somewhere 
between the normals to the adj~cent parts of the yield surfaceo 
., •'·,t••-,,,, .. 
This is illustrated in Figo3a5: 
a~ corn~r pl~st$p strain increment 
vector can lie ~nywhere between 
the nor~als A~ and AC 
'l'WO DIMENSIONAL SECTION OF A YIELD SURJ?ACE WITH CORNERS 
The functioning of a yield surface with corners has been discussed 
in geometrical terms by Sanders72 • 
970 
Drucker ''af., stability postulate requires that at a corner the 
plastic strain increment vector must lie somewhere between the 
normals to the adjacent parts of the yield surface. Therefore 
Koiter's generalisation, Eq.(3.18) 1 is quite compatible with the 
concept of material stability. 
Thus Drucker's simple postulate, the applicability of which 
can easily be checked by experiment, leads to three important 
conclusions; that the plastic strain increment is perpendicular to 
the yield surface, that the yield surface is convex 1 and that 
although the magnitude of the plastic strain increment is related 
to the magnitude of the stress increment its direction is entriely 
independent from the direction of the stress incremento 
These conclusions greatly simplify the form of the plastic stress 
strain relations needed to describe a material. In the remaining 
section of this chapter the work of Roscoe et al is outiined. It 
is shown how further considerable simplifications have been made 
to Eqs.(3.5) and (3.12) verified experimentally for normally 
consolidated clayso 
3.3 THE APPROACH OF THE CAMBRIDGE GROUP 
So far the discussion in this chapter has been concerned 
with outlining the concepts of the theory of plasticity for a 
material with an associated flow law. The general way in which 
these concepts have to be modified to account for soil behaviour 
has been indicated. In the rest of the chapter the theory for 
describing the deformation of normally consolidated clays de-
veloped by the research group at Cambridge University, under the 
leadership of the late K.H.Roscoe, is outlinedo 
Although several researchers have considered the possibility 
of using the concepts of the theory of plasticity to predict the 
stress-strain behaviour of soils, at the time of writing 9 only the 
group at Cambridge can be said to have made a persistent attack 
from both the theoretical and experimental viewpoints. Their 
approach, with some modifications, is the basis used to describe 
the beh~viour of a compacted soil in this thesis. No attempt has 
been made here to give a complete coverage of all the various 
aspects of the Cambridge theories. Only those that are relevant 
to the work in this thesis are explainedo 
It is assumed that soil can be regarded as an isotropic 
work-hardening continuum which remains isotropic during plastic 
deformationo 
The stress system imposed by the triaxial apparatus 
can be described by just two independent componentso In 
preference to the usual major and minor principal effective 
stresses 1 a 1 1 and a 0 3 , the following are used: 
p = OOQ000000(,)00/JOOOOOOOOoO (3o19) 
q ::: ( {Ji '" (ji ) 
'1 3 
0000000000001;1000000000 (3o20) 
where r1 is the first invariant of the stress tensor and J 2 is 
the second invariant of the deviatoric stress tensor, these are 
defined in Eqs.(3.1) and (3.3). Use of such a simple stress 
system having only two independent components means that the 
third invariant of the deviatoric stress tensor is not independent 
being a function of J 2 and I 1 o Because of the radial symmetry 
of the imposed stress system the triaxial apparatus can be used 
only to investigate soil behaviour in a planar section of the 
stress spaceo In recognition of this fact the term yield curve 
will be used in place of yield surface in the remainder of this 
chaptero As the material is supposed to remain isotropic under 
the action of the stresses p and q only two components are re-
quired to describe the state of deformation. Firstly the strain 
increment 9 for example, in the axial direction, is defined as~ 
1000 
dE ' ·1 o o o u o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o o Q o o (3o21) 
where ( 1 is the length of the sampleo The total strain at any 
point is given by summing all the increments to that point, 
so that~ 
1 ff1(d)\ 
n\ f ·1 0 C, 0 0 0 u t, 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 ( 3 0 22) 
where l1 (o) is the original length of the sampleo 
strain increment is defined as: 
The volumetric 
dv •-de/( 1 +e) 0 u O O O O O fl O O () 0 0 0 0 Q <) 0 0 ( 3 u 23) 
where dv is the volumetric strain increment, dE 3 the lateral strain 
increment and e the current void ratioo A measure of the shear 
strainj or distortion increment is: 
0 0 0 u <) 0 0 (I(,) (_) (JOO O O O O O O O O O O (} 0 0 0 0 0 0 0 0 ( 3 0 24) 
The two components of deformation used here are de and dv. 
definitions of strain are such that compressive strains are 
positiveo 
These 
The first important aspect of the Cambridge approach is the 
unified presentation of soil behaviour in the (p,q,e) space. 
Three orthogonal axes can be used for p, q and the void ratio, e, 
and the behaviour of the soil represented in a three dimension~l 
diagram rather than the three separate (p,e) 9 (q,e) and (p,q) planar 
diagrams often usedo When the results of tests conducted on 
normaJlyconsolidated clays are plotted in this three dimensional 
space it is seen that they form a surfaceo The first basic 
hypothesis of the Cambridge group is that for a given normally 
consolidated soil this surface is unique 9 ioeo when a sample 
under test is subjected to an arbitrary stress path the change 
in void ratio must be such that the point describing the state 
of the sample always lies on the surfaceo Roscoe and 
Poorooshasb64 call this the "State Boundary Surface" and it is 
shown as the surface ABCDEFGH in Figo3a6o The question of 
uniqueness has been investigated by Roscoe and Thurairajah66 
who suggest that despite certain experimental difficulties the 
idealisation is a reasonable approximation to soil behaviouro 
This surface represents the limit of all states that the soil 
may takeo The virgin consolidation line 9 ABCD 9 represents 
the limit of all possible states for the soil in the (p 9 e) plane 
so that points on or inside the line are valid but those outside 
it have no physical meaningo Similarly for the whole of the 
10·1 0 
surface 'ABCDEFGH all points on or within are possible but no po:in t 
outside ito 
Jhe virgin con~olidation line, ABCD, forms one boundary 
of the surface shown in Figo3.6a Another boundary is the so 
called "Critical State Line" i EFGI-.L It is a second basic 
hypothesis of the CamLr·idge approach that all samples under test 
tend towards a final state defined by the following conditions: 
= = 0 f7 = M 0 0 • 0 • 0 • 0 0 0 0 ( 3 0 25) 
STRESS PATI-/S !=OR 
CONSOLIDATION T£5T.S 















FIG. 3. 6 AN ISOME'.TRIC VIEW OF Tl-IE 
STAT£ BOUNDRY SURFACE . 
(WET8/DE} 
where~ is the stress ratio q/p, Mis a soil constant and Y is 
the sample volumeo 
When the conditions of Eqo(3.25) are satisfied the sample 
is said to have reached the "Critical State 11 o In such a state 
there is no further change in q, pore but the sample may 
continue to distort. The critical state line is the locus of all 
the critical states reached by samples from various initial con-
ditions and state paths. The projection of the critical state 
line on the (p,q) plane is a straight line with the equation: 
q = Mpo The projection of the critical state line on the (e, lnp) 
plane is a straight line parallel to tho virgin consolidation line, 
this is illustrated in Fig.3.7. Samples whose state point is on 
or below that part of the state boundary surface between the 
critical state line and the virgin consolidation line are called 
11wet 11 and other samples are called 11dry 11 o 
virgj,n, con.solida tion J.ine 
-! slope ""I\.)\ 
consoi:tdat:i.on t~sts at/ con~tan-t; 
""' s,tress rat1c;, 
FIG.3o7 BEHAVIOUR OF NORMALLY CONSOLIDATED CLAY IN 
THE (e? np) PLANE 
'• 
The state path for a consolidation test conducted at 
constant stress ratio lies on the state boundary surface and 
when projected into the (e, lnp) plane this line is parallel to 
and lies between the virgin consolidation curve and the critical 
state line, for example line KL in Fig.3.7. Using this ex-
1040 
perimentally observed fact Roscoe et a1 65 were able to calculate 
the volumetric strain increment due to a stress increment dp, dq 
for a sample whose state point lies on the state boundary surface. 
This is given as (Eq.(3.14) in Ref.65). 
dv = p( 1+:)(S+f?) l dq + Sdp) 0 ~ 0- 0 •• °' 0,1'p O O ••• 0 • 0 0 0 0 0 ( 3 0 26) 
where~ is the slope of the virgin consolidation line in the 
(e, lnp) plane and Sis the slope of the stress path followed 
during an undrained test, i.e. 
S = - (dq/dp) 
e 
o o o • • o o o o o o o o o o • o o e c o o o • o • o o o e o c o ( 3 o 27) 
It must be noted that Eq.(3.26) contains both an elastic and a 
plastic component of volume change. 
The component of shear deformation, de, corresponding to 
the component of volume change given by Eq.(3.26) can bed~-
termined by considering work done during the deformation of the 
sample. The external work done by the applied stresses during an 
increment of deformation is: 
d w = pd V + q de; 0 ••••••••••• 0 •••• 0 • 0 0 • 0 •• 0 0 ••• 0 • 0 0 0 ( 3 • 2 8 ) 
This work can either be stored as elastic energy or dissipated 
within the sample. Both these processes are assumed to occur 
within the soil. The third hypothesis of Roscoe et al is that 
there is no recoverable component of shear deformation. The 
elastic volume change is given by considering the slope of the 
1050 
rebound line in the (e,lnp) plane, illustrated in Fig.3.7. Thus: 
0 0 0 0 0 0 0 0 0 0 0 () 0 0 0. 0 0 0 0 0 0 0., 0 0 0 0 0 • 0 0 0 0 0 0 0 ( 3 0 29) 
where k is the slope of the swelling line in the (e, lnp) plane. 
Then the elastic energy stored during the application of dp is:-
dU = 
~dp 
(1+e) o • • • o • o • _• o • • • • • • • o • • • • • o o • o o o • o o • • i, o o o ( 3 o3 0) 
The fourth, and final, basic hypothesis of the Cambridge approach 
is that all the work not stored as elastic energy is dissipated as 
interparticle friction. This dissipated work is defined as: 
dF = MpdE: oooooooooooooooooooooo • ooo'lloooeooooocoo 
Thus the soil constant M, defining the stress ratio at the 
critical state 9 can be interpreted as a macroscopic coefficient 
of friction. Using Eqs.(3o28), (3.30) and (3.31) and equating 
the work done externally to the work done inside the sample the 
following equation is obtained: 
qdE: + pdv = 0 0 0 0 0 0 0 9 " • () 0 0 0 0 0 0 0 0 0 0 0 0 0 ( .3 () ~32) 
This equation (Eqo(2.9) in Reference 65) will be referred to as 
Roscoe's energy equation. 
From Eqs.(3.26) and (?.32) the increment of distortion 
1060 
when dp, dq is applied to the sample is:-
d~ = I< f~q + (s (~K -1 ) - Q ] d PJ ( ) p(1+e) l S+q) (M-17) ••••••••••• 3°33 
This is given as Eq.(4.1) in Reference 65. Because it is assumed 
that there is no recoverable distortion Eq.(3.33) gives a plastic 
strain increment. 
In as much as Eqs.(3.26) and (3.33) give increments of 
elastic and plastic deformation they can be regarded as plastic 
stress-strain relations. However they have been derived without 
using any of the concepts of the theory of plasticity. This is 
possible because two novel ideas were introduced by the·cambridge 
group. Firstly the existence of a unique state boundary surface 
makes the calculation of dv, Eq.(3.26), immediate. Secondly the 
postulation of a mechanism accounting for the manner in which 
work is dissipated within the sample is a new concept and makes 
calculation of d~ possible. To the writer's knowledge no 
equivalent ideas are to be found in the conventional theory of 
plasticity. Therefore it is interesting and important to ask 
whether Eqs.(3.26) and (3.33) can be expressed in the form of 
Eq.(3.12), i.~. whether expressions for the functions f and h 
can be found. 
is: 





h~f df ap 
= 
= hiH [df d &f ] op bq . q + ~ p d p 
1070 
For convenience put = A and = B, substitution gives~ 
= 
= 0 0 0 0 0 0 0 0 0 0. 0 Q O O O O O O O O O O O Q O O O O ( 3 0 35) 
Since it is assumed that there is no recoverable shear deformation 
Eq.(3.33) can be written: 
•···•••··••• (3.33a) 
Using Eqs.(3.26) and (3.29) the plastic component of volume 
change is: 
= A \ dr + Sdp} kdp p(1+e) Ls+~) - p(1+e) ••0•0•••000000000 
Equating the coefficients of dq and dp between Eqs.(3.34) and 
(3.33a) gives: 
>--
-p(-1-+e-)(S+~)(M-q) OOQ0000004oo009Q00()0000o(l00 (3.37) 
hAB k[s(>-,'K-1) - ql = p(°"1+e)(S+Q)(M-1,) o o o • • • o o o o o o • • o o o o o o o o o o o o o (3o38) 
Similarly equating coefficients of dq and dp between Eqs.(3.35) 
and (3.36) gives: 
hAB 
i\. 
= p(1+e)(S+q) •(>ooooooooooeooocoooooooooooooo 
hB2 s} ~ k(s+n) = o o • o • ~ o • o •••• o •••• o o o o o • o o o o o o o ( 3 o L~O) 
Equating coefficients in this manner is possible because it is 
known from section 3.2 that his independent of increments of 
stress and that f is also independent of stress increments because 
of Eq.(3.5) defining the form off. 
and (3.39) must be identical, thus: 
k [s(NK-1) - '1]/ (M-q) = 
Which simplifies to: 
For consistency Eq.(3.38) 
s = M - 11 
( 1- Kf>-> 
C) • 0 0 • 0 0 0 0.9 •• ~ .• 0 0 0 • 0 ••• 0 0 0 • 0 • c> 0 0 ., 0 ( 3 0 41 ) 
Eq.(3.41) is identical to Eq.(4.2) in reference 65 although the 
procedure used by Roscoe et al in deriving it was slightly 
different to that used here. Equation (3.41) can be used to 
simplify the expressions for the plastic strain increments given 




()1.-1<) r l 
Mp(M-~)(1+e) \ dq - (M-~)dp) 
(~-k) ( l 
Mp(1+e) l dq - (M-?)dp S ooooooooo•oooo•oot1000 
As these equations are still fairly complex comparison with 
Eqs.(3.12) and (3.12a) is worthwhile. It was pointed out in 
discussing Eq.(3.12) on page 88 that the only way the stress 
increments come into the equation is in the increment of the 
loading function, i.e. in the term df. Thus it is possible to 
say that in Eqs.(3.33b) and (3.36a) the term dq - (M-~) dp is 
(3.36a) 
at least part of the increment in the loading function during the 
application of the stress increment (dq,dp). The remainder of 
these equations, the terms (~-k)/Mp(M-~)(1+e) and (~-~)/Mp(1+e) 
'of must be related .. to the h jO(J", . part of Eq. (3. 12). 
1J 
Substitution of Eq.(3.41) leads to the following 
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Using either Eqs.(3.42) and (3.43) or (3.43) and (3.44) h can be 
eliminated and the following obtaineq: 
A 1 
B = (M-t)) 
i.e. ¢f ~ 1 oq • bf = ( M-1")) 
At this stage it is necessary to solve the above equation for f, 
i.e. the equation of .the current yield surface is required. 
Considering a neutral change of stress and using the condition 
given in Eq.(3.7): 
of of 
oq dq + ½ dp = 0 
This simple relation holds because for a neutral change in stress 
no additional work-hardening occurs and no additional plastic 




Thus f is a function along which: 
~ 
dp = -(M-1)) . Q. 0. 0 0 •••• 0 • 0 • 0 •• 0. 0. 0 0 0. 0. 0. 0, () 0 0 0 0 0 0. 0 ( 3 0 45) 
Using 1 as an integrating factor and the initial condition that 
p 
when q=0, t,=0 and p=p0 
q = Mpln(Po) 
p 
So that the function f is given as: 
f = q - Mpln(p;) oooo••••o•••••oooooooooooc-00000000 
Differentiation of Eq.(3.46) and substitution into Eqs.(3.42)j 
(3.43) and (3.44) leads to: 




Mp(1+e)(M-r)) 0 • 0 (t ~ • 0 • 0 ••• 0 •• 0 0 0 0 Q O O O • 0 0 0 0 0 0 0 0 ( 3 0 47) 
Evidently Eqs.(3.46) and (3.47) give the two functions, f 
and h, that can be used in conjunction with Eq.(3.12) to give 
increments of deformation equivalent to those calculated from 
Eqs.(3.26) and (3.33). However before one can make a definite 
conclusion that the approach of the Cambridge group is com-
patible with the conventional theory of plasticity the physical 
meaning of Eq.(3.46) must be examined. Eq.(3.12) requires that 
f must represent both the yield curve and the plastic potential 
function for a work-hardening material. 
As explained in section 3o2 the stress point can move 
around the yield surface for a work-hardening material without 
incurring any additional plastic deformationo In the ( p, e) 
111 0 
plane the swelling or rebound line, ABR in Fig.308, is con-
sidered to be a curve along which only elastic deformation occurso 
This suggests that the curve in the state boundary surface 
vertically above the swelling line, curve AXF in Figo3.8, is a 
path that can be traversed while only elastic deformation occurs. 
However such a curve cannot strictly be regarded as a yield curve 
in the sense discussed in section 3.2. The idea that a curve 
or surface exists giving the boundary between regions where only 
elastic deformation occurs and those where elastic and plastic 
deformation occurs has been discussed in section 3.2 only with 
reference to the stress space. One could perhaps suggest that 
the concept of a yield surface be broadened to include such a 
boundary between elastic and elastic-plastic states in the 
(p,q,e) space. However the disadvantage of doing this is much 
greater than any advantage. The very useful consequences of 
Drucker's stability postulate, which have been derived for a 
yield surface in the stress space, would not apply to a curve 
in the (p,q,e) space. Calladine 12 has made a suggestion that 
overcomes this problem. He proposed that the projection of 

















FIG. 3. 8 · YIELD CURVE= AND STATE 
BOUNDARY SURFACE 
plane be used as the yield curve. This projection is shown as 
A1 X1 F 1 in Fig.3.8. ' Such a yield curve would be described, 
using the normality condition, by: 
= oooooooooG.ioooooooooooooooooooo 
Using Eqs.(3.33) and (3.36) this becomes: 
( ~) = -(M-1")) 
dp A'F' 
o o • o o o • o, o o o • o o o • • o o • o o o Q o o o o o e o o ( 3 o 49) 
Since this equation is the same as Eqo (3o45) the yield curve 
obtained by this procedure is identical with the function f given 
in Eq. (3.46). Comparison of this expression for the yield curve 
with Eq. (3.5b) is worthwhile. In Eqs.(3.19) and (3 0 20) the 
relation of the stress parameters p and q to the invariants of 
the stress tensor and deviatoric stress tensor is shown. Using 
this the equation defining the loading function, Eq.(3.46) 9 can 
be written as: 
() 0 • 0 • 0 0 0 0 0 0 0 0 C!J () 0 0 0 0 I) 0 0 0 0 0 0 0 0 0 0 0 ( 3 0 46c:1.) 
This illustrates that the loading function implied by the work 
of the Cambridge group on normally consolidated clays is a 
function of the first invariant of the stress tensor, the second 
invariant of the deviatoric stress tensor, a single material 
parameter that is independent of stress and strain and the value 
of pat which the current yield curve intersects the p axis of 
the (q,p) plane. The third invariant of the deviatoric stress 
tensor 1 J 3 , does not appear in Eq.(3.46a) because for the 
simple stress conditions imposed by the triaxial apparatus 
J 3 reduces to a function of J 2 and I 1 • During the work-
hardening the current yield curve expands although each 
successive yield curve is geometrically similar to the previous 
oneo A useful measure of the amount of expansion of the yield 
curve and consequently an indication of the amount of work 
hardening is the change in the value of p from one yield curve 
0 
to another. 
In summary, two equations (3.26) and (3.33) were 
obtained by Roscoe, Schofield and Thurairajah65 giving the 
components of deformation when the state point of the sample 
moves along the boundary surface. These equations were arrived 
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at without using any of the concepts of the theory of plasticity. 
When these two equations were combined with the plastic stress= 
strain relation, Eq.(3.12), a solution for f was obtained. It 
was then shown that this function satisfies the physical con-
ditions needed for a yield curve. Therefore the equations de-
rived by the Cambridge group are quite compatible with the con-
ventional theory of plasticity, even though they are based on 
some new ideas. 
Dtiring a loading path that gives some plastic deformation 
the state point moves around the state boundary surface effectively 
crossing a number of elastic limit curves. In the (p 9 q) plane 
this means that the position of the yield curve is changing 
continuouslyo However this change in position is accomplished 
without a change in shapeo Since the shape of the yield curve 
is independent of the state of work-hardening, the strain 
increment associated with a particular stress increment is 
independent of the stress path followed in reaching the present 
state of stresso 
So far only the deformation associated with state 
points on the boundary surface has been considered. For a 
point below the surface 1 such as B or Din Fig.3.8, the sample 
is supposed to behave elastically until the state point reaches 
the boundary surface. 
In subjecting the predictions of their theory to ex= 
perimental test the Cambridge group have concentrated on the 
behaviour of normally consolidated and lightly overconsolidated 
clays. This has been done because these samples tend to behave 
'i '15" 
more uniformly than dry samples which may become unstable. As 
only the behaviour of wet samples is well supported by experi~ 
mental evidence, only the wet side of the state boundary surface 
has been shown in Figs.3.6 and 3.8. A range of test results 
presented by Schofield and Wroth75 shows that the theory gives a 
good representation of soil behaviour under undrained conditions. 
Furthermore in reference 65 Roscoe et al have indicated that 9 
despite some experimental problems the strains occurring during a 
drained test can be predicted from the results of undrained testso 
Roscoe and Burlana67 have introduced some refinements which lead 
to even better correspondence between predicted and observed 
behaviouro Also the correlation between predictions and 
observations has improved as experimental methods have been 
refinedo 
The comparative simplicity of this theoretical approach 
has some interesting implications for design procedures used in 
foundation engineering. If the results of the Cambridge theory 
116 .. 
could be generalised to encompass more complex stress conditions, 
then it might be possible to simplify some of the applications 
of Lambe 0 s "Stress Path Method043 • In essence this method 
estimates the performance of a foundation by conducting laboratory 
tests on samples subjected to the same stress paths as similar 
elements of soil within the actual foundationo The disadvantage 
of this approach is that rather complex testing conditions may 
sometimes be requiredo With the aid of a generalised theory 
one could use simple test conditions and the theory to predict 
the strains in the more complicated casea 
Perhaps the most surprising aspect of this theory is its 
relative sirnplicityo It would be reasonable to expect the 
plastic behaviour of soil to be more complex than that of metal 
because soil not only distorts when subjected to stress but also 
undergoes considerable change in volume. A tentative explanation 
of this simplicity can be based on the hypothesis that soil is 
basically a frictional material and that plastic deformation is 
due to relative motion between adjacent particles or groups of 
particleso The particles move past one another when the ratio 
of the tangential component of the contact force to the normal 
component exceeds the coefficient of friction for the materiala 
This coefficient will be more or lesa constant for a soil of 
given compositiono Furthermore it will not change with the state 
of deformation and orientation of the particleso Such a 
situation is indeed very simple when contrasted wi~h the de-
formation process in metalso Even a metal that is macroscopically 
isotropic is composed of crystals whose properties are very de= 
pendent on direction. Plastic deformation is accompanied by 
reorientation and gliding of the crystals so tbe bulk properties 
of a specimen in a given direction are dependent on the state 
of deformation. Thus at the macroscopi.c level the deformation 
of metal is simpler than that of soil but the converse could well 
be the case at the microscopic levelo This simplicity should 
also apply to a dry soil which is just as much a frictional 
material as a wet soila The main difference between wet and dry 
soils is the direction of the diJ.ation during shear. A wet soil 
tends to reduce the number of interparticle contacts during shear 
so that the volume decreaseso On the other ~and a dry soil tends 
to increase the number of interparticle contacts and so the volume 
increases during shearo However~ for a dry soil the coefficient 
of friction between particles will still be independent of de-
formationo Thus the simple path independence that is predicted, 
and has been observed, for a wet soil shoul.d also be expected for 
a dry soilo If this proposition is correct then the ideas of the 
Cambridge theory could be extended to include dry soilso 
is o.evoted to exploring this possibilityo 
Chapter 5 
CHAPTER FOUR 
BEHAVIOUR OF SAMPLES LOADED PARALLEL TO THE 
DIRECTI.ON OF THE COMPACTIVE EFFOR'l' 
4o1 INTRODUCTION 
In this chapter the results of a series of tests conducted 
on samples of a clay, prepared wet of optimum moisture cont~nt by 
kneading compaction, and loaded pa~allel to the direction in 
which the compactive effort was applied, are presented. All the 
tests were made in the triaxial apparatus on samples that had 
been saturated by the application of back pressure and consolidated 
under hydrostatic pressures ranging from Oo90 to 63.60 psi. The 
tests were a mixture of strain controlled and stress controlled 
types and a very great deal of effort was directed towards 
minimisirig the influence of those sources of error inherent in 
the triaxial method of testingo 
The emphasis in the chapte,~ is placed on the description 
of the observed soil behaviouro Interpretation and discussion 
are left to the next chapter. The equipment used and the 
testing procedures followed are described in detail in appendices 
B, C and D while the properties of the soil tested are given 
in appendix A and so ·bnly essential reference is made to these 
things hereo 
4o2 STRESS-STRAIN BEHAVIOUR 
In Fig.4.1 the curves of q plotted against the axial 
strain, E 1, are presented for most of the undrained tests. The 
definition of q and <E:. has already been given in Eqf!. (3.20) and 
(3.24) but for convenience they are repeated here:= 
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where ~ 1 is the axial strain and ~3 the radial strain. For an 
undrained test the volumetric strain (t!. 1 +z.~ 3 ) ls· zero so that 
the distortion~ f. 9 is equal to the axial strain. 
At the top right hand end of each curve in Fig.4.1 the 
code number for each test is given along with the consolidation 
pressure in brackets. The stress ~ontrolled tests are referred 
to as "STC" and the strain controlled tests by the letters "CSR 11 9 
in each case the test number is preceded by this designation of 
the type of test. The tests have been numbered in the order in 
which they were performed. A complete listing of the reduced 
experimental results for the undrained tests cart be found in 
appendix Fo 
All these stress strain curves have a similar form, the 
main features being two points of inflexion and almost com-
pletely rigid behaviour for small values of qo The curves have 
been plotted only for axial strains up to 10 per cent. To this 
12'1 0 
level of strain the assumption that the deformed shape of the 
sample is uniform seems reasonableo At strains greater than about 
10 per cent the sample begins to barrel and slip planes become 
visibleo Because much of the discussion in this thesis is 
applicable only to samples that are deforming uniformly 9 10 per 
cent is taken as the upper limit of strain to be consideredo 
However a few tests were continued to see if the samples reached 
a critical stateo Even when slip planes had become quite notice-
able the values of q and p continued to increase and were still 
increasing at strains in excess of about 25 per cent although the 
shape of the sample had become quite non-uniformo In fact none 
of the samples ever reached a critical state in which the values 
of q and preached stationary values and E continued to increase 9 
although it can be said that the samples were tending towards 
such a state because the rate at which q was increasing with 
strain was decreasing towards the end of the testso To check 
that this behaviour was truly a feature of the soil tested a few 
special tests were performed. Firstly two tests (CSR 003 and 
CSR 004) were made on conventional 3" x 'li"D samples rather than 
the 1~" x 1i"D samples with free ends used throughout the rest 
of the testing programme. These showed very similar behaviour 
to the short samples and no maximum value of q was found for 
strains up to 30 per cent. Some of the slip planes occurring 
at high strains crossed the filter paper side drains" This 
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so a test on a 1~" x 1i"D sample with no side drains (CSR 005) 
was made as a checko No significant difference was observed for 
strains up to 26 per cento 
4o3 STRESS PATHS 
The stress paths for all the undrained tests are plotted 
in Figo4 • 2o All the paths have a similar form, firstly a 
decrease in pas q is increased and then both p and q increase 
togethero The end portions of all these stress paths are 
tangential to a straight line that passes through the point 
q = 0 1 p = -3.0, the slope of this line varies a little from test 
to test, however, as discussed in section 406 a reasonable 
idealisation is that all the stress paths are tangential to one 
line. The first of the two points of inflexion mentioned in 
section 4.2 is associated with the minimum values of p along the 
stress path. The fact that p continues to increase as q increases 
at the end of the test means that the p vE curve continues to rise 
as does the qv€.. curveo The shape of the stress paths eventually 
requires that the pore water pressure in the samples becomes 
negativeo Fortunately this presented no experimental problem 
because the high back pressure ensured that although the pore 
water pressure was negative with respect to the cell pressure the 
absolute value was still very much greater than zeroo 
One test (CSR 021) was continued after the strain had 
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planes on the shape of the stress patho The stress path for the 
test is shown in Figo4o3o When the axial strain reached 7% the 
path approached the line that passes through (O. 9 -3.O) and at a 
strain of 10% slip planes first became visible on the surface of 
the sample. The appearance of the slip planes made no difference 
to the form of the stress path and the points still lay along the 
same line until the axial deformation reached 17i% at which point 
the stress path began to move away from the tangent through 
However at a strain of 17% the sample had become 
fairly non-uniform in shape and the divergence of the stress path 
was no doubt caused by errors in the calculated stress resulting 
from the assumption that the sample is a uniform right circular 
cylinder. The reault of this test does illustrate that shape of 
the stress paths for &11 the tests terminated at a strain of 10% 
is not affected by the presence of slip planeso 
4o4 CURVES OF STRESS RATIO VERSUS STRAIN 
The curves of the stress ratio ~ = q/p, have been plotted 
against strain for some of the undrained tests ln Figo4o4o The 
samples with the lowest consolidation pressures, i.e. those 
nearest the 11as compacted'' condition, have a peak ·value of r,, after 
which the curve settles down to a constant value of~• On the 
other hand the samples with the higher consolidation pressures do 
not have a peak value in the curve. At least this general 
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t9 be exceptionso STC 012 with a consolidation pressure of 
Oo90 p~i passed through a very pronounced peak, and STC 002 with 
a pressure of 10000 psi passed through a somewhat smaller peako 
On this basis one would expect that the samples with consolidation 
pressures of around 5 psi (CSR 009 and STC 016) would have a 
peak value somewhere between the other twoo The fact that this 
dbes not occur has not been investigated any further but it 
could well be rela'!;ed to the scatter in the 11as compacted" 
samples discussed in section 4o13o 
It is also worth noting that the peak value in the ~ve 
curve occurs at low strains and this always occurs well before 
slip planes become visible along the side of the sampleo 
Figo4o4 is important because it shows that the qve curve 
tends to depend on the particular testo It is shown in the 
next section that a slightly different ratio is more useful for 
this soil as it leads to a single curve for all the undrained 
testso 
4o5 CONTOURS OF EQUAL TOTAL AXIAL STRAIN 
Contours of equal total axial strain (ioeo elastic plus 
plastic) were plotted onto the undrained stress paths to see if 
there was any relation~hip between the shape of the various 
undrained stress paths and the deformation of the sample at any 
pointo The result is plotted in Figo4o5 and shows that the 
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the point (Oo,-3o0). Figo4o5 has been presented as four separate 
figures because if all the contours are plotted on one diagram 
the result tends to be confused, and for the same reason the 
actual stress paths have not been drawn in Fig.4.5. 
In the next chapter it will be seen that the observation 
that all these contours of equal strain seem to pass through a 
common point on the p-axis is a most important part of the 
argument presented in this thesis. And also in the rest of 
this chapter it is important because it leads to a simplification 
of the description of the behaviour of this particular compacted 
soil. In fact this phenomenon is perhaps the most significant 
property observed for the material, consequently the determination 
of the intercept of these linear contours of equal strain is 
discussed in detail. 
A more accurate assessment of the intercept of each 
contour on the p-axis of the stress path diagram is obtained 
using the least squares curve fitting method to calculate a 
"best straight line". 
sented in Table 4o1o 
This was done and the results are pre-
In calculating these contours only 
,~ 
the first seven points on the contours at lower strains were 
used rather than the nine values plotted on Fig.4.4o This 
is clearly justifiable because the upper two values on these 
contours are not consistent with the remainder. These 
points, and the tests from which they were derived, are dis-
cussed in section 4.13. No results are quoted in Table 4.1 
TABLE 4o 1 
PARAMETERS OF LINEAR CONTOURS OF EQUAL STRAIN FOR 
UNDRAINED TESTS FROM LEAST SQUARES CURVE FITTING 
Intercept on 
Strain Slope p axis 
(%) (psi) 
Oo2 00537 -20184 
0.3 0.584 -20176 
0.5 0.689 -3.049 
o.8 0.905 -3.578 
1.0 00919 -2.623 
1.5 1.077 -20334 
2.0 1.158 -2.656 
3.0 1.291 -2.663 
5.0 1. 449 -2.874 
7.0 1.496 -3.308 
10.0 1o474 -4.769 
1310 
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for a 0.1% contour because of the difficulty in determining the 
position of this accurately. The probable error in measuring 
the sample deformation is about half the deformation needed for 
a strain of 0.1%. 
From Table 4o1 it can be seen that the value of the 
intercept is approximately the same for each contour. The 
average value is -2.98 psi and all the values tabulated lie in 
the range -2.98 ~ 1.29 psi. This range of values is rather 
wide because of the low value for the 0.2% contour and the rather 
higher value for the 10% contour, the remainder of the values fall 
into a much narrower range. Unfortunately, because these values 
of the intercept on the p-~xis are not measured data but have 
been deduced by the least squares procedure it is not valid 
to apply a simple calculation to determine confidence limits. 
However an indication that the values are distributed much more 
closely about the mean value than the above range suggests is 
given by noting that the range of values -2.98 ~ o.68 encompasses 
one standard deviation either side of the mean value. For a 
normal distribution 68% of the values lie in the range one 
standard deviation each side of the mean value. 
In fact the way in which the value of this intercept 
is used in this thesis means that the range of !1.29 psi about 
the mean value is not so significant because the value of the 
intercept is added to the value of the p compGnent of stress 
and so it + is the range of values of (p + 2.98) - 1o29 psi that 
133. 
is more relevant than the range for the intercept alone. In 
view of the range of the values given in Table 4.1 a value of 
3.0 psi is used in the remainder of this thesis and it seems 
reasonable to assume that the value is constant and there i~ no 
significant tendency for it to change with stress or strain. 
The fact that all these contours pass through (0.,-3.0) 
suggests that a new stress ratio might be more appropriate for 
describing the behaviour of this material. This is defined by: 
rJ' = q/(p+3.0) o o • o o o • o • o- • o • o q o o o o o o o o • o • o o o 1,1 o o ( 4o 1) 
This is in effect the same as moving the q axis in the stress 
space to the left by 3 psi. The contour for each axial strain 
value is associated with a definite value of Q' and in Fig.4.6 
these values of 0' have been plotted against the corresponding 
total axial strain on a logarithmic scale. The curve can be 
divided into three distinct regions. There is one linear 
portion up to a strain of approximately 0.45%, after a transition 
this is followed by another linear region up to a strain of 
5.5% after which there is only a small increase in~• for quite 
large increases in strain. The significance of the abrupt 
change in slope of this semilogarithmic plot at a strain of 
o.45% is not clear at this stage. It may reflect some change 
in material behaviour but as there does not seem to be any other 
indication of this the possibility is not investigated here. On 
the other hand it may be simply a property of the type of 
mathematical function needed to describe the ~•vE relation for 
this material. An example of such a phenomenon is the plot of 
settlement versus log(time) of the common one dimensional con-
solidation test. The primary consolidation phase consists of 
two linear portions separated by a fairly sharp transition, 
this transition is not associated with any change in the material 
behaviour. The points plotted in Fig.4.6 are the slopes of the 
strain contours plotted in Fig.4.5. In Fig.4.7 these same 
values are plotted on a natural scale for n'• The values 
plotted in Fig.4.6 are marked with the round points. Also at 
each point a bar has been added to show the range of values 
for~• at each strain for all the tests, this indicates that 
there is some scatter particularly at the lower strains. 
However the most significant aspect of this curve is that~• 
does not have any tendency to pass through a peak value and then 
decrease as does 11. 
4.6 RELATION BETWEEN THE ULTIMATE VALUE OF Q' AND VOID RATIO 
When describing the stress paths followed by the various 
tests it was mentioned that the tangent passing through the 
·, 
point (0.,-3.0) could be drawn to the end part of the stress path. 
Now that the modified stress ratio· r)' has ·:been introduced it is 
worth examining its value for the end part of the stress path of 
each test. These values have been plotted against the void ratio 
in Fig.4.8. Despite some scatter, particularly in tests CSR 010 
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the final value of~• to be independent of void ratio. The 
point for test STC 002 seems to lie so far away from the other 
values that it is probable that this sample was not representative 
and so its valije of~, was discarded. 
for the other points is 1o51 ~ 0.04. 
The mean value and range 
4 0 7 UNLOADING BEHAVIOUR 
The behaviour of the material when unloaded in an 
undrained test was examined in several ways. At the com-
pletion of most of the tests, i.e. when the axial strain had 
reached about 10%, the sample was unloaded in stages, and the 
recovery recorded. In each case a characteristic non-linear 
curve was obtained. Some typical results are shown in Fig.4.9. 
In the remainder of this thesis only complete unloading, 
i.e. from a given value of q down to zero, is considered and the 
non-linear unloading stress-strain curves are characterised by 
the slope of the dotted straight lines between the ends of the 
curves in Fig.4.9. In other words the unloading behaviour is 
described by the secant modulus and this is denoted by G o 
us 
When this unloading modulus is determined for each of 
the tests discussed so far it is seen that the value of G us 
increases as the consolidation pressure increases. This result 
is plotted in FigQ4.10, which suggests that there is a linear 
relation between the undrained unloading modulus and the con-
solidation pressure. Once again discarding the value from test 
....... 
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STC 002 which is apparently anomalous a least squares procedure 
was used to calculate a "best straight line" through the pointso 
The equation of this line is: 
G = (2850 + 126p) psi 
US C 
where p is the consolidation pressure to which the sample was 
C 
subjected after compaction and back pressure saturationo 
Next the variation of the unloading modulus when a sample 
was unloaded from various stress levels and strains was investi-
gated. This was done in the test STC 004 (that is the fourth 
stress controlled test) in which a sample consolidated at 10 psi 
was loaded to various stress levels and unloaded before being re~ 
loaded to a higher stress level. The stress strain curve for 
this test, given in Fig. 4.11 9 shows that as before a non=linear 
recovery curve results on unloading and that the general shape of 
these unloading curves is similar for each cycle and apparently 
independent of strain. In Fig.4.13 the values of G for the 
us 
various cycles have been plotted against straino Unfortunately 
the scatter is fairly considerable, there being a factor of two 
between the smallest and largest values, although there does not 
seem to be any consistent tendency for the value of G to us 
increase or decrease as the strain increases. The unloading 
n 
curves in Fig.4,11 look as if they might have the form : q = er , 
where~ris the recoverable axial strain on complete unloading. 
The value of n can be determined by comparing the area under the 
80 1 I l I I · 1 I I I I ;=-j;.~ I 
7o I I . 1 I I I J :r.-,.,. 7 , 7 I I I / I/ /11 I 
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0 
unloading curve with that of the tri~ngle beneath the straight 
line joining the point of maximum to zero stresso It is a 
property of a curve with the form y = xn that the ratio of the 
area under the cijrve t6 that of the triangle is 1/(n-1). The 
results are plotted out in Figo4.14 and the average value of 
0.5 sµgg~sts that the value of n is 3, i.e. the unloading curve 
is a cubic. 
Having determined that the unloading modulus is pro-
portional to the consolidation pressure and that it seems to be 
independent of q ande, it now remains to investigate the 
behaviour of G when the sample is repeatedly loaded to the 
us 
same value of qo The object of this is to determine whether 
the value of G determined by the initial unloading from a 
us 
given stress includes some contribution from creep deformationo 
In test STC 001 a sample that had been consolidated to 10 psi 
was loaded and unloaded 8 times with a load of 40 lb (ioeo to 
a value of q about 22 psi) then 10 times with a i_oad of max 
80 lb (q in the range 43-42 psi) and 4 times to 160 lb max 
(q in the range Bo to 75 psi)j max The stress-strain curve 
for this test is plotted in Fig.4.15 while in Fig.4.17 the 
values of G for each cycle have been plottedo ' us This demon-
strates that G is constant for all unloading cycles from a us 
given stress, althou~h it does suggest that Gus increases 
1410 
slightly when q increases 9 contrary to Fig.4o13 where despite much 
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The streas paths for these cyclic loading tests are given 
in Figo4.12 and 4o16; they have been plotted on a divided horizontal 
scale to avoid the confusion that would result if the horizontal 
scale was continuous. In Fig.4.12 the stress paths for the load-
unload cycles are almost closed except for those at the very 
beginning of the test where p decreases as the sample is loadedo 
The paths for STC 001 also have similar shape and likewise have 
been plotted on a divided horizontal scale. It is interesting 
to note that for each of the cycles to the same maximum load the 
stress paths are almost identical. 
4.8 UNDRAINED STRESS PATHS IN TERMS OF DIMENSIONLESS PARAMETERS 
It is possible to plot the stress paths in a three di-
mensional space with void ratio as one axis and q and pas the 
other two axes. If this is done the stress paths will define a 
surface in the (p, q, e) space. However, such a procedure is 
clumsy and it is not easy to interpret soil behaviour in terms 
of this three dimensional diagram. Roscoe and Thurairajah66 
have shown how it is possible to represent this three dimensional 
surface for normally consolidated clay as a unique two dimensional 
curve by plotting certain dimensionless parameters. 
meters they used were I) ( =q/p) and ~ defined by: 
The para-
where p is the pressure at which the sample was consolidated 
C 
before it was sheared. In the undrained tests discussed here 
similar parameters are used: Q' already defined in Eqo4o1 
and 
!' = (p+3o0)/(p +3o0) C •••o•••••••••oaooooot<a • ooooooo (4o3) 
These curves have been plotted for most of the tests in Figo4o18o 
This shows that all the points are grouped into a fairly narrow 
band so that one curve can be used to represent all the stress 
pathso 
The curves plotted in Fig.4o18 provide another means of 
confirming the value of 3o0 psi used in defining~• and f'~ 
Values of~• and f were calculated for all the points with p 
increased by 2o0 psi rather than 3.0 psi and another set of values 
was calculated with praised by 4.o psi. Curves similar to those 
in Fig.4.18 were plotted and in each case there was a good deal 
more scatter so that th• calculated points fall into a much wider 
band, particularly at low values of ry'• Thus it seems that the 
~, v ~ 1 curve plotted in Fig.4.18 is reasonably sensitive to the 
stress component added to the value of p when calculating~• and~'• 
When a value of 3o0 psi is used as has been done in Eqso(4o2) and 
(4.3) the best.overall plot is obtained with least scatter. 
This provides further confirmation of the choice of 3q0 psi in 
section 4o5 where it was suggested that the average of the range 
of values -2.94 ! 1.29 psi is valid for the intercept of the 
contours of equal strain on the p-axis.· 
Hence it is suggested that the description of the stress-
strain curves and the stress paths for this material can be 
148a. 
simplified by modifying the value of the stress component p by the 
addition of 3.0 psio This results in the single ry'vE curve for 
all the stress-strain curves and the single~, v ~, curve for all 
the stress paths. The value of 3o0 psi has been determined inde-
pendently in three ways. , Firstly the final section of each stress 
path was tangential to a straight line passing through the point 
q = 0 and p = -3.0 psi. Secondly the contours of equal total 
strain were seen to be approximately linear. The intercept of 
each of these contours on the p-axis was calculated by the least 
squares procedure and although there was some scatter the average 
value was -3.0 psi. Finally the 0' v ~' plot was found to be 
sensitive to the value by which p was increased when calculating 
~, and 51 and that the best overall curve was obtained when a value 
of 3.0 psi was usedo 
In Fig.4.18 only those tests with consolidation pressures 
greater than 10 psi are plotted. Now in Fig.4.19 the solid line 
gives the smoothed curve from Fig.4.18 and the plotted points are 
for tests STC 012 and STC 016 which were consolidated at 0.90 psi 
and 5.36 psi respectively. These two tests deviate from the 
points in Fig.4.18 quite considerably: thus the idealised relation 
between~• and~• is used only for samples consolidated at 
pressures greater than 10 psi. The divergence for tests STC 012 
and STC 016 is considered in Chapter 5. 
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4o9 UNDRAINED UNLOADING STRESS PATHS 
In Section 4o7 the magnitude of the axial strain recovered 
when the samples were unloaded, under undrained conditions, was 
discussed. In this section the shape of the stress path during 
this undrained unloading process is describedo Fig.4o12 shows 
how the shape of these unloading parts of the undrained stress 
paths varies with increase in the value of q reached before 
unloading. These successive unloading cycles show ~hat in all 
cases there is a decrease in p on unloading, and that the decrease 
tends to be greater with increase in the value of ry' to which the 
sample was loaded. The shape of the loading portion of the 
stress paths was discussed in the previous section using the 
dimensionless parameters~• and$'• One more dimensionless 
parameter is now introduced to describe the form of this unloading 
portion. The essentials of this are illustrated in the following 
diagram, Fig.4.2O. 
The intention of this section is to relate the change in 
p on unloading, (pmax - pul) to~, and pmaxo 
less parameters S' is now defined: 
The new dimension~ 
s' = o o o o e o o • • • o • • o • o o' o o o o o o o o o o o ( 4 o 4 ) 
For all the tests on which unloading data were recorded the values 
of S' for each unloading cycle have been plotted against the value 
4 
p = consolidation 
C pressure 
~ value of p after 
complete un= 
loading from 
Pmax 9 qmax 
= maximum value 
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off I for the stresses at the beginning of the unloading p~ase in 
This graph shows a uniform trend. The major features 
of the curve are defined by the eight points furnished by test 
STC 0040 The remainder of the points provided by the unloading 
portions of the remainder of the tests confirm that this curve 
is characteristic of the material and not of test STC 0040 
The curve can be divided into two portions. The initial 
curved portion for~, values less than 2o55 which is approximately 
elliptical and the final portion for ~ 9 values greater than 2.55 
when\' is constant at Oo71o This is expressed as: 
00$000Q0000 
In the next chapter this parameter~• will be used in calculating 
the plastic volumetric strain along an undrained stress patho 
4o10 SAMPLES ALLOWED TO SWELL AFTER INITIAL CONSOLIDATION 
All the test results consJ.dered so far have been from 
undrained tests on samples which have been consolidated to a given 
pressure and then loadedo Two special tests were made in which 
the samples were allowed to swell under a lower pressure after 
the initial consolidation and then loadedo The first of these~ 
CSR 019, was consolidated at 63.45 psi and then rebounded to 
32.59 psi and the second, CSR 020, was allowed to swell under 
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void ratios of these samples were very close: Oo624 for CSR 019 
and Oo623 for CSR 0200 Tests such as these would normally be 
classed as overconsolidated 9 but this term has been avoided here 
because even when not allowed to swell to a lower pressure the 
samples behave as if overoonsolidatedo 
The stress paths for the tests have been plotted in 
Figo4o22 and for comparison the stress path for CSR 015 has been 
includedo The void ratio of test CSR 015 was 00623 9 so that the 
void ratios of all three tests shown in this diagram are very 
nearly the sameo The shape of the stress paths for the two 
tests allowed to swell to lower consolidation pressures before 
loading are slightly different to that of CSR 0150 However the 
tendency noted in Section 4o3 for the ultimate portions of the 
stress paths to lie along a unique line is repeated with these 
testso But in this case the contours of equal total axial 
strain from section 4o5 do not applyo This is illustrated in 
Figo4o23 9 where the 0'v l curve for test CSR 019 is compared 
with the curve from Figo4o7o It is apparent from this diagram 
that in the early stages of the test sample CSR 020 is a great 
deal stiffer than CSR 015 for a given value of~• but that at 
the later stages the two curves convergeo 
The value of the unloading modulus for each of the tests 
is~ CSR 015 9 7135 psi 9 CSR 019 9 7285 psi and CSR 020 6850 psio 
The similarity of these values suggests that G might be a us 
function of void ratio rather than consolidation pressure as 
I -,·6 - - - - - - .. , .. •' , .... 
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suggested in section 4.7. Of course this comment does not imply 
that there is anything incorrect about the relation between G us 
and pc given in Eqo~o2)because there is a well defined relation 
between the void ratio and the consolidat:i.on pressure given in 
Appendix A and Fig.4.27. However if it was confirmed by a more 
extensive series of tests that G was a unique function of void 
us 
ratio the very useful result that it was not dependent on con-
solidation history would follow. 
4.11 CREEP BEHAVIOUR 
On several occasions samples were left under constant 
load for sorue time to examine the creep behaviour of the soil. 
In all cases undrained creep effects were found to be of little 
significance. For example the stress-strain curve for test 
STC 004 given in Figa4o10 shows that there is definitely some 
creep deformation when constant load is maintninedo However 
the rate at which this deformation proceeds decreases rapidly. 
On the final load cycle the amount of creep deformation in the 
first 160 minutes of sustained load was Oa4% while a further 
2925 minutes was then required for the creep strain to increase 
by another Oo3%. Another example is test STC 012 in which the 
sample was left under load for nearly six days (8320 mins.) 
during which time the axial strain increased from 10080% to 
However for the final 3i days the strain remained 
virtually constanto 
It is possible that this lack of continuous creep de-
formation under constant undrained load might be ass?ciated with 
the increas~ in p that accompanies an increase in straino Thus 
any tendency for the sample to creep under constant lO~d will be 
stabilised because of the corresponding tendency for p to increase 9 
consequently it might be more appropriate to investigate the 
creep of this material under drained rather than undrained con-
ditionso 
4o12 DRAINED SHEAR TESTS 
In addition to the undrained test so far described two 
drained tests were performed on the soilo Although the majority 
of the work reported in this thesis is on undrained t~sts it was 
felt to be worthwhile to do a few drained tests to get some idea 
of how the soil behaves when subjected to different stress paths 
and also to check how the concept of stability is fulfilled under 
this type of stress patho Two tests were performedo DSC 001 
was initially consolidated after back pressure saturation under 
a pressure of 20o55 psi to a void ratio of Oo626 and DSC 002 was 
consolidated at 35079 psi to a void ratio of Oo612o 
The stress strain curves for these two tests are plotted 
in Figo4o24 and are of a quite different form to those for the 
undrained tests plotted in Figo4o1 • Two features distinguish 
these stress-strain curves from the undrained testso The 
curves do not have the changes in curvature and points of in-
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value of q that remains constant as the strain increases. It is 
significant that this maximum stress is held while the strain 
increases by several 1per cent and that there is no marked tendency 
for it to decreaseo The points do show a slight tendency to 
fluctuate but it can be seen that there is no general tendency for 
q to decrease as the strain increaseso This is important for 
deciding if the deformation is stableo 
The stress paths for the two tests have been plotted in 
Figo4.25. Because ~v 3 remains constant in a drained test the 
stress path has a slope of 3 in a (q,p) diagram. To aid com~ 
parison with the undrained tests a typical undrained stress path, 
that for test CSR 016, has also been plotted and also the line 
with n' = 1.51 which is tangential to the undrained stress pathso 
This diagram clearly shows that the end points of the drained 
stress paths lie above the contour of 10% axial strain for the 
undrained tests and indicates that the stresses required for the 
drained tests to reach an axial strain of 10% are somewhat larger 
than those required for the undrained testso This aspect_ is 
discussed further in Chapter 5o 
The final diagram presented for these two drained tests is 
a plot of the ratio 6e/(1+e) versus axial strain ~ 1 , in Figo4.26o 
This ratio is a measure of the volumetric strain undergone by the 
samples during shearing. The upper half of the graph, where the 
sign of 6e/(1+e) is negative, shows where there is a net increase 
in sample volume. It is seen how sample DSC 002 with a higher 



































volume at large strainso 
4o13 UNIFORMITY OF SAMPLES TESTED AND EXPERIMENTAL ERRORS 
The results presented so far in this chapter fall into a 
fairly consistent patterno However there is some scatter and 
it is the purpose of this section to examine whether this scatter 
could be a result of any variability in the method of sample 
preparation or a consequence of errors in measuremento This 
topic is considered under three headingso Initially the 
uniformity of the "as compacted'' samples is consideredo This 
is followed by a brief consideration of the accuracy of the 
various measurements taken and finally consideration is given 
to errors involved because of the assumptions on which the 
measurements are reduced to stresses and strainso 
(i) Uniformity of Samples 
It is well known that as a method of sample preparation 
compaction tends to produce more variable resultR than do other 
methods such as consolidation from a slurryo In Figo4o27 the 
void ratio of the samples from the undrained tests is plotted 
against the consolidation pressure on a logarithmic scaleo The 
void ratios were calculated, on the assumption that the sample 
was saturated, from the two smallest of the three final moisture 
contentso The figure shows that for the higher consolidation 
pressures the points fall along a reasonably well defined straight 
lineo But for consolidation pressures up to 10 psi there is a 
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considerable amount of scattero This is probably caused by the 
inherent variability of the compaction processo 
To investigate this variability the properties of twelve 
samples were determined immediately after compaction; the results 
are plotted in Figo4o28o It can be seen that the wet weight 9 
moisture content and dry density of the samples as compacted do 
fluctuate but the range of these variations is quite smallo This 
is not the case for the unconfined compressive strength which 
appears to undergo fairly large fluctuations apparently unrelated 
to the variations in moisture content and dry densityo Since the 
strength properties of the samples so far discussed are very 
much more consistent than the results of these unconfined com-
pression tests 9 it is suggested that the wide variations are the 
result of fluctuations in the negative pore pressure in the 
samples on compactiono This was not measured but it would not be 
related directly to small changes in density and moisture content, 
and since all the samples discussed here were saturated these 
negative pore pressures would not be presento 
The minimum value of the dry density of 92o5 lb/ft3 for 
these "as compacted" samples is equivalent to a void ratio of 
00713 and the maximum value of 9306 lb/ft3 corresponds to a 
void ratio of Oo690o The difference of 00023 between these two 
agrees fairly well with the scatter in void ratio at the lower 
consolidation pressures in Figo4.26o Thus it seems that there 
is some scatter in the average void ratio of the samples on 
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compaction which is reduced as the consolidation pressure is 
increasedo 
As explained in Appendix C9 at the completion of each test 
the samples were cut into three and the moisture content of each 
portion determined. In general the results were fairly con-
sistent, the range between the three values being within 1%. 
However some of the tests (CSR 014 and CSR 015 for instance) showed 
a very high moisture content in the top third of the sampleo 
Close examination of these moisture content samples revealed a 
crack across the top of the sample which might have been assdciated 
with this anomalous valueo The cause of the crack is not clear. 
Since it only occurred in a few samples it might have been caused 
by not drilling the guide hole at the top of the sample deep 
enougho Because of this occasional high moisture content the 
average of the two smallest final moisture contents was used to 
calculate the void ratioo 
And finally to check that moisture contents taken from the 
top, middle and bottom of the sample are sufficient to determine 
1 
the average void ratio a few selected samples were cut into 
sixteen pieces and the moisture cont~nt of each piece was deter-
mined. These results are presented graphically in Fig.4.29. 
The first three sets of results presented at the top of this 
figure are from "as compacted" samples. These establish that 
although the moisture contents do fluctuate there is a notice-
able tendency for the moisture content to decrease towards the 
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bottom of the sampleo However the fluctuations about this 
tendency are fairly considerable, the difference between the 
smallest and the largest values is about 1%. Next two samples 
were treated similarly after having been saturat.ed and con-
solidated at 10 psi. As before there is some scatter although 
for these two samples the difference between the smallest and 
largest is somewhat smaller than for the 11as compacted" samples 
but, perhaps more importantly, there is now no overall tendency 
for the moisture content to decrease towards the bottom. The 
sixth set of results comes from the sample for test STC 004 
after testingo Once again there is scatter from point to point 
and the difference between the smallest and la_rgest values is of 
the same order as that in the other five sets of moi,sture con-
tents. These five sets of results show that back pressure 
·' 
saturation tends to make the moisture content distribution 
throughout the samples more uniform and they suggest that it is 
unlikely that the overall moiRture content of the samples can 
be determined to better than 0.5% and that in many cases 1% is 
a more likely value. This means that the void ratio quoted for 
+ the samples ~ay be in error up to - 000015. 
In summary it has been shown in this section that there 
is some variability in the void ratios of the as compacted 
samples. It seems that differences in void ratio of 0.020 are 
possible between samples on compaction but when the samples are 
consolidated these difference~ from sample to sample are reduced 
1700 
as the consolidation pressure is increased. Within a particular 
sample immediately after compaction, or consolidated at pressures 
below 10 psi, it seems that the void ratio may vary throughout the 
sample by Q.002 or Oo003o 
(ii) Accuracy of measurements 
In all three measurements were taken during the undrained 
tests. These were axial deformation, axial load and pore water 
pressure o The details of these me_asurements are explained in 
the Appendices and all that is needed here is to repeat that 
considerable c~re was taken with these measurements. The accuracy 
of the measurement of axial deformation was,:!: 0.0005 •~ That of 
+ + . 
the axial load was - Oo5 lb and - 0.15 psi for the pore water 
pressure 
(iii) Accuracy of Reduced Experimental Results 
The probable error associated with each of the measure-
' ments taken has just been given but it is not these errors that 
must be considered when discussing the accuracy of the results 
presented in this chaptero What must be c6nsidered are the 
values calculated from the three measurements. The calculation 
of stresses and strains is based on certain assumptions about 
the deformation of the samples. These are that there is no 
change in volume and that the sampie remains cylindricalo The 
condition of no volume change during the course of an undrained 
test is important but, because of measures explained in Appendix D 
this presents no problem with the tests discussed hereo Although 
visual observation of the deformed samples showed that the 
cylindrical shape was maintained no measurements were taken 
to investigate this more thoroughly. This omission is usual 
in triaxial testing. However the calculation of the stresses 
. 
is based on this assumption and thus it is unfortunately not 
possible to specify likely ranges of errors for the stress 
components because the uncertainty in the cross section of the 
sample is not known • 
.. 
Nevertheless in view of the generally consistent 
pattern of behaviour reported in this chapter it does seem 
that random errors are not significant. Occasionally it has 
been noted that a few points on some of the graphs are not 
consistent with the interpretation suggested by the others. 
Examples are the points for test STC 002 in Figs.4.8 and 4.10 
or the anomalous upper two points on some of the contours of 
equal strain in Fig.4.5. These effects are obviously related 
to tbe variability in the compaction process, already discussed, 
rather than to errors in measurement or errors associated with 
the assqmptions in caiculating stresses and strains from the 
measurements taken. Thus, al.though it is not possible to give 
quantitative probable errors for the reduced experimental results 
it is felt that the care taken with the experimental procedure 
is such that these errors are not important in comparison with 
the random variations 9aused by the compaction process. 
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of all these sources of error by comparing the behaviour of 
samples consolidated at the same pressure. This is done in 
Fig.4.30 where the stress strain curves for several samples 
consolidated at 10 psi are compared. It is seen that they 
are all remarkably close thus supporting the claim made above 
that variations from sample to sample, errors in measurement 
l 
and reduction of results have no significant iffect on the 
pattern of behaviour reported in this chapter. Although it 




FORMULATION OF A PLASTIC STRESS-STRAIN RELATION 
5.1 INTRODUCTION 
In this chapter an attempt is made to use those concepts 
of the theory of plasticity, outlined in Chapter 3, to explain 
the behaviour described in Chapter 4. The approach used is 
along the lines of the theories developed by the soil mechanics 
research group at Cambridge University although some modifications 
are introduced to account for the properties characteristic of 
the soil treated in this thesiso In Chapter 4 the emphasis was 
placed on describing the observed behaviour with as little inter~ 
pretation ~nd analysis as possible while the object of the present 
chapter is the investigation of the possibility of using an 
incremental plastic stress-strain relation to predict the de-
formation of the soil. 
Initially some of the basic aspects of the critical state 
model are reviewed and discussed in greater detail than in 
Chapter 3. This is followed by a discussion of the general 
features of the behaviour presented in Chapter 4 and it is shown 
how certain aspects of these are not incompatible with some of 
the critical state concepts. From here the way in which the 
ideas of Chapter 3 can be used to interpret the behaviour of the 
compacted silty clay is explored. It';is explained how the 
,. approach adopted depends on two aspects of the material behaviour 
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which are known to be valid. The first of these aspects of 
the soil behaviour is that the deformation, for both drained ~pd 
undrained tests, is stable in the Druckerian sense and con-
sequently a yield surface must exist to which the plastic strain 
increment vector is perpendioularo Secondly it has been 
empha~ised elsewhere that the deformation of the samples in the 
triaxial apparatus may not be homogeneous. This means that t~e 
strains calculated from the boundary displacements may not be true 
strains; however it has been shown in Chapter 3 that even though 
this may be so the ratio between the components of strain remains 
independent of this inhomogeneity. Thus more emphasis is placed 
on the prediction of this ratio than the prediction of the actual 
stress-strain curves. 
The overall conclusion reached in this chapter, the most 
significant conclusion of the whole thesis, is that it is by no 
means unreasonable to attempt to describe the deformation 
behaviour of the particular compacted soil discussed here in 
terms of the theory of plasticity~ Equations for calculating 
the strain increments of the s9il are developed using the con~ 
cepts for an ideal work hardening elastic-plastic materialo 
The equation for the successive yield curves is derived and the 
form of the function h (cf. Eqs.3.12, 3.34 and 3.35) is inferred 
from this. Using these relations the general features of the 
deformation behaviour are derived. The correspondence between 
these predictions and the observations of Chapter 4 is certainly 
not exact but they are sufficiently close to indicate that the 
method is indeed promisingo 
5o2 SOME ASPECTS OF THE CRITICAL STATE MODEL 
The following paragraphs contain an elaboration of some 
features of the critical state theory that will be used ex-
plicitly when attempting to develop a stress-strain relationo 
Most of this work has already been outlined in Chapter 3, but 
some of the points need amplificationo 
The concept of the state boundary surface, S,B.s., in 
the (p,q,e) space was discussed in Chapter 3 and was illustrated 
mainly with respect to cohesive soil that is wet of critical. 
This boundary surface has been illustrated in Figs.3.6 and 308 
but for convenience another diagram, Fig.5.1, which shows the 
part of the surface on the dry side of the critical state line 
more clearly is included here. 
Just as the virgin consolidation curve, EPP'F in Figo5o1 9 
in the (p,e) plane represents the boundary of all possible 
states for the soil so too the whole surface ABCDEFGH represents 
the boundary of all possible combinations of p, q and e to which 
the material may be subjected, The soil may exist in any state 
on or below the surface of the space bounded by the S.B.S, and 
the (p,q), (p,e) and (q,e) planes but in no state outside the 
surface. 
F ' ,, 
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FIG. S. I AN ISOMETRIC VIEW OF Tl-IE 
STATE BOUNDRY SURFACE. 
The line CX 1 XD is known as the critical state lineo The 
behaviour of soil in any state along this line is described by 
equation 3o25 which states that although unlimited shear dis-
tortion can occur at a critical state, after the critical state 
is reached, there will be no further volumetric strain or change 
in the state of stress or of stress ratio,~, (which is then equal 
to the friction parameter M). i.e.:-
(q/p)critical state = M 
The state boundary surface is divided into two parts by the 
critical state line. The part of the surface between the 
critical state line and the q,e plane, ABCD in Fig.5.1, is 
known as the dry side and the other part, CDEF, is called the 
wet side of the state boundary surface. 
A constant void ratio section of the state boundary 
surface, hereafter abbreviated as S.B.S., can be seen in 
Figq5.2. 
1ri 
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FIG.5.2 CONSTANT VOID RATIO SECTION OF THE S.B.S. 
The diagram shows that a constant void ratio section of the dry 
side of the S.B.S. is linear so that the dry side is a ruled 
surface the slope of which is the same for all constant void 
ratio sections. It has been suggested by Roscoe, Schofield and 
Wroth63 that the slope of this is equivalent to Hvorslev's "true 
. . 
angle of internal friction" ~, discussed in Section 2o5 and , P e , 
that the distance JO is related to Hvorslev•s ''true cohesion" 
for the particular void ratio in question. All constant void 
ratio sections of the boundary surface are geometrically similar; 
as the void ratio decreases the size of the section increaseso 
A sample at point E in Fig.5.2 is normally consolidated 
and the curve ED is the stress path followed by the sample, 
initially at state E, during undrained axial compression in a 
triaxial test. The end point for such a test occurs when the 
sample has reached the critical state for that particular void 
ratio, shown as point D. The line DD' is the division between 
states wet and dry of critical. Samples with the same void 
ratio as that at point E but having swelled under smaller pressures 
after initial consolidation such as those with state points at 
G, Hand I are all overconsolidated and during an undrained 
triaxial test have stress paths GD, HD and ID respectivelyo This 
illustrates the importance of the critical state concept. Regard-
less of the initial state of the sample it is a basic postulate 
of the critical state model that the end point of any test lies 
somewhere along the critical state lineo So when the samples 
with initial states, E, G, Hand I are tested in undrained triaxial 
compression all the tests end at point Do For samples with an 
initial state that is not on the S.B.S. there is a tendency for the 
stress path to approach the surface before the critical state is 
reachedo During a drained test the same overall behaviour is 
observed, although because the void ratio changes the state point 
moves along as well as around the boundary surface. 
Now that a constant void ratio section of the state 
boundary surface has been considered a section in which only 
elastic deformation is supposed to occur is discussedo In 
the (p,e) plane the rebound line is regarded as a line along which 
only elastic changes in volume take place. This is shown in 
Fig.308 (p.112) as the line ABR. It was explained in Chapter 3 
how the section of the surface vertically above this line re-
presents an "Elastic Wall" and when the stress point moves about 
in this section only elastic changes in void ratio will occuro 
It was further explained in Chapter 3 how the line in the S.B.S. 
vertically above ABR (in this case AXF) can be regarded as a 
yield curve. An undrained section of the S.B.S. can be said to 
cut many of these elastic walls; thus during an undrained test 
the stress path crosses a succession of these yield curves and 
hence the proposition that the soil work hardens when shearedo 
Having completed this more detailed description of 
the S.B.S. it might be worthwhile to consider the significance 
of the words 11state boundary surface". The reason for the words 
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"boundary surface" is obvious ~nough but what is the meaning of 
the word ''state"? 64 Roscoe and Poorooshasb have defined the 
state of an element at any given instant: "as the sum of all the 
(macroscopic) quantities that can be associated with the element 
at that instant." This means that any of the characteristics 
of the material can be expressed in terms of the state variables 
at that time. It is a basic assumption of the Cambridge work 
(and in the work of many other soil mechanicians) that the state 
of a soil can be completely specified by the current state of 
stress and the void ratio; temperature and time effects are not 
considered. Thus the variables used in setting up the S.B.S. 
are important because they are regarded as the state variables 
for the material. This idea is of considerable significance 
in the development of the plastic stress strain relations given 
in Equations 3o33b and 3.36a. It leads to the assumption that 
at any given point on the S.B.S. an increment of stress will 
result in an increment of strain the direction of which is a 
function of the current stress and void ratio but is independent 
of the stress increJr!ent, that is the direction of the strain 
increment vector depends only on the current state of the 
material. Thia can be expressed as: 
du-1'/d'-p .,. f(p,q,e) ••••-•••••••••••••••••o•ooo (5.1) 
In assuming that the stress parameters p and q may be used to 
describe the state of stress the additional assumption is made 
•·,l • 
that the material is isotropic. Actually this is a fairly 
considerable restriction, the importance of which is discussed 
in Chapter 6, but for the meantime isotropy is assumed. 
At this stage the writer would like to offer an 
alternative explanation of the term "state" and connect it 
with the fundamental hypothesis put forth in Chapter 2 where 
it was suggested that the stress deformation properties of a 
soil are determined by the nature of the interparticle force 
system. From this view point the term 11state 11 could be 
defined as : the sum of all those macroscopic quantities that 
are necessary to specify the nature of the interparticle force 
system. The stress components p a~d q, and the void ratio, e, 
are obviously most important factors in determining the inter-
particle force system but what of other factors? Temperature 
and time effects come to mind immediately but as has already 
been emphasised these are not considered in this thesiso 
Another possibility is the concept often appealed to in soil 
mechanics and discussed in Chapter 2, namely soil structure. 
This is also not considered in the Cambridge work because of the 
assumption of isotropy. 
Finally it should be emphasised that most of the data 
available about the S.B!S. are associated with states wetter than 
critic al. Because of the non uniformities that control the 
mode of deformation for drier than critical samples these states 
have not been investigateq,or the information available has been 
regarded as questionableo 
A second essential aspect of the Cambridge approach is the 
suggestion that the amount of work for a given strain increment 
dissipated internally as friction within the sample is independent 
of strain for stress paths on the S.B.S. That is to say the 
coefficient of interparticle friction is constant, How does this 
differ from the behaviour outlined in section 5 of Chapter 2 where 
it was explained that frictional resistance was developed as a 
function of strain? The friction angles discussed in that part 
of Chapter 2 were corrected only for the energy required to change 
the volume of the sample, which results in an angle that is a 
function of strain. However in addition to the boundary energy 
correction Roscoe's energy equation (Eq.3.32) includes the elastic 
energy stored within the sample as a consequence of deformationo 
This additional consideration which is applied only to stress paths 
on the S.B.S. leads to a constant friction parameter defined by: 
q = Mp critical state ooo • o•••••••••••••••<"•••ooeoooo (5o2) 
It is a simple matter to show that this critical state friction 
parameter which is independent of the void ratio and the state of 
stress is related to the conventional friction angle, p', defined 
in terms of the stresses ~ 1 1 and cr13 by: 
Sin p1 • t cri = 
3M 
6+M O• O•ll•············••o•••oooOOQO (5c3) 
An important step in formulating the energy equation was to 
propose a suitable term for the work dissipated as frictiono The 
one used by Roscoe is given in Eq.3.31 which is repeated here: 
dU = Mpd€. 0 11' (f O O O O t • • 0 ~- 0 0 • O O • 0, O • • 0 • D O • • o· O O O ( 3 ll 31 ) 
However this is by no means the only pQssible relation and in 
fact Roscoe and Burland67 have suggested another possibility, and 
a modification of Eq.3.31 is used later in this chapter. 
Finally in this section the method of calculation of the 
components of plastic strain is reviewed. An important basic 
assumption is that for states wet of critical there is no re-
coverable shear distortion, therefore: 
;;; d~ = 
Now in an undrained triaxial test dv = 0 so that d~ = dE1 o 
Although it 'is assumed that there is no recoverable shear dis-
tortion an important aspect of the Cambridge treatment of soil 
deformation is the inclusion of some recoverable volumetric de-
formation. This has already been explained briefly in Chapter 3 
but at this stage the interpretation of this recoverable volumetric 
strain in the (v,lnp) diagram is discussed. Fig.5.3 below is 
similar to Fig.3.7 but in this case the specific volume (v = 1+e) 
rather than the void ratio is plotted against lnpo 
Consider a soil sample initially at state A and sub-
jected to a small decrease in p under undrained conditions so that 
the state point moves to B. Using Eq.(3.29) the ,inc;remeht. bf elastic 
v = apefJ;i.f,ic v-c>au~e c: t,1+-e-J 
sweilJ.ng ·iines, :' slope, .:.k 
... 
/ 1 '.Virgin. cdnso'.tidatiLort, line, 
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FIG.5.3 ELASTIC AND PLASTIC VOLUME CHANGE 
IN THE (v,lnp) PLANE 
volumetric strain associated with this stress decrement is: 
dv = -kdp/pv 
1850 
However because it was specified that this stress increment takes 
place under undrained conditions there can be no overall volume 
change, so this elastic strain increment must be balanced by an 
equal and opposite plastic strain incremento Schofield and Wroth75 
have suggested another way of interpreting this plastic volume 
change on p.139 of their book. Through the points A and B 
swelling lines of slope -k can be drawn which have characteristic 
intercepts on the v axis. The difference between these two values 
(vA - vB) is equal for the plastic volume change kdp/pv. Thus 
1860 
plastic volume change can be related to the change in the 11k-line" 
associated with the various state points. In fact each of these 
0 k-lines 11 represents a specific elastic wall in Fig.308, so that 
a change of 11k-line" requires movement from one yield curve to 
another with the corresponding plastic strain. The same reasoning 
applies to an arbitrary stress path on the S.B.S. causing some 
plastic deformation - the plastic volumetric strain can be cal= 
culated from the difference between the intercepts of the initial 
and final k-lines on the v-axis. 
For state paths on the wet side of the state boundary 
surface unloading from a given value of q produces no change in 
p, that is the unloading stress paths fall vertically from the 
S.B.S. towards. the (q,e) plane in Fig.5.1. Thus any change in p 
associated with loading on the S.B.S. i's in fact a permanent 
change so the total plastic volume strain for a given loading 
path is completely defined by the change ink-line during loading. 
5.3 RELATION BETWEEN BEHAVIOUR OF COMPACTED SOIL AND CRITICAL 
STATE MODEL 
In this section various aspects of the behaviour presented 
in Chapter 4 are discussed and the relation, if any, with the 
critical state model is explained. The stress-strain curves 
plotted in Figs.4.11 and 4.15 show that the soil work hardens when 
the stress is increased. The shape of the stress strain curves during 
the unload-reload cycles in these tests is quite different from those 
parts of the curves where the current shearing stress is greater 
than any previous value. This occurs, even at quite low values 
of q. As a first approximation it can be said that Figo4o11 
demonstrates that during the first-loading parts of the curves 
large irrecoverable deformations occur; during unloading only a 
relatively small proportion of the strain is recovered and during 
reloading the strains are small until the previous maximum value 
of q is approached. Fig.4.15 demonstrates that for repeated 
cyclic loading to stresses less than the previous maximum the 
increase in strain per cycle is small compared with the strain 
reached before unloading. On the basis of these two diagrams it 
is assumed that as a first approximation the stress-strain be-
haviour can be idealised as work hardening elastic-plastic. This 
represents a difference from the critical state behaviour which 
assumes, for samples wet of critical at least, that there is no 
recoverable shear deformation. 
Closer examination of Figs.4.11 and 4.15 does show that 
this is an idealisation. Fig.4.15 suggests that repeated loading 
to the same stress level may introduce further hardening. The 
diagram indicates that after many cycles of loading and unloading 
to a constant value of q that the maximum past value of q must be 
exceeded considerably before there will be any further substantial 
increase in shear strain. Fig.4.5 also illustrates that with each 
successive reloading the strain increases slightly but after 
several cycles the effect is quite considerable even if the additional 
strain per cycle decreases as the number of cycles increases. 
·1-880 
Fig.4.11 illustrates that for eaoh reloading cycle the strain 
corresponding to the previous maximum value of q is exceede~ at a 
smaller value of q. Nevertheless these are second order effects 
compared with the behaviour of the material when the value of q is 
increased monotonically and so the assumption of work hardening 
plastic behaviour is a reasonable starting point for analysing the 
behaviour presented in Chapter 4, 
Perhaps the greatest difference between the behaviour 
observed in Chapter 4 and the critical state model is that the 
samples subjected to undrained tests did not seem to reach a 
critical state, at least not for strains up to 10%. It was ex-
plained in section 2 of Chapter 4 that even for quite large strains 
a critical state was not reached in any of the tests; however, it 
was also shown in Fig.4.3 that for strains greater than about 17% 
the non-uniformity of the sample deformation is such that it is 
not really possible to tell whether or not a critical state would 
be reached at large strains. However certain aspects of the be-
haviour of the soil suggest that a critical state is approachedo 
In the first place the rate of change of the stresses q and p with 
respect to axial strain was decreasing rapidly as the strain in-
creased, which implies that had the test continued long enough the 
stress point might have reached a stationary value and the shear 
st~ain become indeterminate. 
The shape of the stress paths for the undrained tests has a 
form quite different from that for an undrained test on materi~l wet 
of critical. They are suggestive of a material that tends to 
expand on shearingo In the terminology of the critical state theory 
such a soil is dry of critical and so the value of p must increase as 
'q increases if a critical state is to be reached. 
The final positions of the stress paths f6r the undrained 
tests are tangential to a straight line passing through the point 
p = -3.0 on the p axis. The fact that the final part of each stress 
path is linear is in keeping with the idea that the constant void 
ratio sections of the dry side of the S.B.S. are linear (Fig.5.1). 
What is unexpected is the result that the stress paths for all the 
undrained tests are tangential to one line passing through the 
point(0,-3.0). The usual observation from the behaviour of over-
consolidated cohesive soils is that the undrained stress paths are 
tangential to a series of parallel straight lines the intercepts of 
which in the q-axis are dependent on void ratio. Before con-
sidering this in too much detail a decision must be reached whether 
this aspect of the material behaviour can be regarded as truly 
characteristic of this compacted soil or whether it is a consequence 
of the method of testing. It was noted earlier that the samples 
tested did develop some non-uniformities as the axial strains 
increased and although it was emphasised that slip planes did not 
become visible until the axial strain approached about 10% there is 
still the possibility that this non-uniform deformation, although 
not visible, might have been important at low strains and be the 
major factor responsible for the planar surface in the (p,q,e) s~ace. 
2 Bacchus has suggested that rather than being a fundamental shear 
parameter of any importance the slope of the final position of an 
undrained stress path for overconsolidated materials is a con-
sequence of the development of non-uniformity. Before disputing 
this idea for the particular material treated here it is pointed 
out that the stress path had become linear long before any non-
uniformity was visible. Examination of Fig.4.7 shows that ~ 9 
had settled down to a constant value by the time the axial strain 
had reached about 6% whereas the slip planes were not visible 
until the strain reached about 10%. However, this fact is not 
really sufficient for one to claim that non-uniformity is un-
important because if slip planes become visible at axial strains 
of 10% they must be initiated at much lower strains. Such non-
uniformity could arise from two aspects of soil behaviouro 
Firstly the non-uniform deformation could lead to non-uniform 
distribution of pore water pressure so that the calculated values 
of the stress p would be erroneous. Secondly there is a 
possibility that, even for an undrained test, the void ratio 
along a shear plane might be different from that of the rest of 
the sample. 
If the first of these problems cannot be disregarded 
generally it definitely can be in this case. The use of free 
ends means that the deformed shape of the sample was very uniform 
so that the calculated areas of the sample must have been fairly 
accurate for axial strains up to 10%0 Also the rate of loading 
was such that complete equalisation of pore water pressure had 
taken place so that the measured pore pressure would be equal to 
that on the shear plane. Thus there is no reason to suppose 
that the measured values of the hydrostatic component of the 
effective stress are not accurateo 
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The second of these problems is a little more difficulto 
There haa been some experimental evidence that suggests for 
undrained tests that the possibility of the void ratio along the 
slip plane increasing at the expense of the rest of the sample 
t b ' 'f' t R d Th ' . h66 d t d may no e signi ican. osecoe an urairaJa con uc e a 
series of experiments to investigate the effect of stress path 
on the form of the s.B.S. In undrained and drained triaxial 
tests they noted some important differences. These were cleared 
up by using the more sophisticated simple shear apparatus which 
does not develop the non-uniformities of the triaxial apparatuso 
The tests in the simple shear apparatus showed that the S.B.S. 
. I 
determined was independent op the type of test and furthermore 
this S.B.S. was virtually the same as that determined from the 
undrained triaxial tests. Thus Roscoe and Thurairajah suggested 
that the S.B.S. determined from undrained triaxial tests is 
subject to less error than that determined from drained tests. 
It was with this suggestion in mind that most of the data pre-
sented in this thesis were determined in undrained triaxial tests 
and following Roscoe and Thurairajah it is suggested that the 
possibility of non-uniform void ratio on the slip plane is not 
likely to be important for the range of axial strains considered. 
This is also confirmed by the comments at the end of Chapter 4 
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about sample uniformityo 
Thus it is assumed that the fact that the linear end 
portions of all the undrained stress paths are tangential to a 
line passing through the point p = -3o0 on the p-axis is not 
subject to serious experimental errors and is truly representative 
of the soil behaviouro 
This behaviour is extremely interesting because it shows 
that the friction angle for the material is independent of void 
ratio at least for a range of void ratios between Oo72 and Oo62o 
This has been illustrated in Fig.408 whe~e the void ratio was 
plotted against the slope of the final portion of the stress 
paths. As commented in Chapter 4 there is some scatter in this 
diagram but it is reasonable to make the idealisation that~• 
for the final part of the stress paths is independent of void 
ratio. Because the final part of each stress path is linear it 
is possible to determine the friction angle for each testo This 
is illustrated below in Fig.5.4. 
FIG.5.4 FRICTION ANGLE DETERMINED FROM FINAL PART OF 
STRESS PATH 
Thus the constant slope of the final part of the stress path 
means that the friction angle is independent of void ratioo 
Referring to section 5 of Chapter 2 and Figo2o5 it can be seen 
that this is the type of behaviour that would be expected of 
Hvorslev's true angle of internal friction. It is also 
possible to determine the cohesion for each test from the 
tangent to the final portion of the stress path. Cohesion is 
normally determined from a plot of i(a 1 1 + cr 13 ) against 
i<o' - 0 I ) o The cohesion is determined from the intercept 1 3 
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of this plot on the i< C, I 
1 - a' ) 3 axis, i.e. the intercept 
on the 
line where i( CT' 1 + a' ) 3 is zero. Now when i< O'' 1 + cr' ) 3 is 
Thus the intercept 
of the tangent to the stress paths on the q axis can be related 
to the cohesion of the material. Now the fact that the stress 
paths are all tangential to the one line means that the cohesion 
of the material is also independent of void ratio. This is 
quite different from the behaviour exhibited by Hvorslev's true 
cohesion. It was explained in section 5.2 that Roscoe, Schofield 
and Wroth63 suggested that tne slope of the dry side of the 
S.B.S. ia related to Hvorslev's true angle of friction and the 
intercept on the q axis is related to Hvorslev's true cohesion. 
For the particular compacted material discussed in this thesis 
the stress paths for undrained tests are tangential to a planar 
surface of constant friction angle ·and constant cohesion. It is 
explained below how this situation might arise using the concepts 
of section 5 of Chapter 2o 
Now if the slope of the end parts of these undrained 
stress paths are equated with Hvorslev 1 s true angle of internal 
friction by usin2 Eqo5o3 the resulting angle is 37°0 This is 
rather a large value for Hvorslev 0 s true angle of friction but 
part of the cause of this may be due to the presence of 
halloysite as the predominant clay mineral in the particular 
soil testedo Terzaghi has commented that halloysite gives 
rise to large friction angleso 
Before discussing the anomalous behaviour of the 
cohesion intercept it is worthwhile considering the processes 
by which the samples are formedo The importance of the line 
~ 1 = 1o51 and the intercept p = -3o0 on the p~axis suggests that 
a consequence of the mode of formation of the samples is that an 
effective hydrostatic component of stress of 3 psi is built 
into the materialo Because the stress paths were determined 
after the samples had been saturated by the application of back 
pressure this cannot be attributed to negative pore pressures 
following compactiono The samples were prepared by kneading 
compaction in which local areas of the sample are subjected to 
increases in vertical pressure under the foot of the kneading 
compactor and considerable shearing stresses at the edgeso 
Although the final sample is built up by a large number of 
separate applications of the compactor the overall effect will 
not be unlike consolidation under both hydrostatic and shearin~ 
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stresseso The application of the shearing stresses at the edge of 
the compaction foot means that the void ratio of the final sample is 
sbmewhat smaller than if it w~e prepared· by hydrostatic compression 
alone. This statement is based Qn the observation of Roscoe 
Schofield and Thurairajah65 that consolidation under constant stress 
ratio, greater than unity, produces a smaller void ratio for a given 
value of p than does consolidation under hydrostatic stresses aloneo 
When the sampie is removed from the compaction mould the total 
stress applied to the sample is zero so that it can be said to be 
overconsolidated both with respect to hydrostatic pressure and 
shearing stresso It has already been shown in Chapter 4 how the 
inclusion of this 3 psi greatly simplifies the description of the 
soil behaviouro In Figo4o3 it was demonstrated very clearly that 
there is no unique relationship between the~ v~ curves for the 
undrained tests. However when Q' rather than Q is used the 
resulting ~'vc curve can be said to be unique for all the undrained 
tests, also the dimensionless plot in Figo4.18 describing the 
stress paths depends on the inclusion of the extra 3 psi as does 
the description of the unloading part of the stress paths in 
Fig.4.21. 
The overconsolidation of the material with respect to 
hydrostatic pressure can be seen from FigoAo1 in Appendix A which 
is an (e,lnp) plot for increa~ing hydrostatic pressureo There 
is an initial curved portion followed by a linear part on the 
semi-logarithmic scale. Using Casagrande 1 s constructio~ this 
suggests a preconsolidation pressure of 9-10 psio There appears 
to be a similar preconsolidation effect with regard to the 
shearing stress q~Figo4o1 in which the qv& curves for all the 
undrained tests are plotted shows that the soil behaves almost 
rigidly when the shearing stress is first applied. As the 
consolidation pressure is increased there is an increase in 
the value of q reached before any significant shear deformation 
is observedo Figo4.7 shows that the value of~' at which any 
noticeable shear deformation first occurs is more or less 
constanto In other words it seems that the compaction process 
not only builds into the sample an apparent preconsolidation 
pressure as defined by Casagrande's construction but also a 
"preshearing effective stress ratio" below which the soil is 
almost rigid under the application of shearing stress. 
It is postulated here that the constant cohesion 
exhibited by the material is a consequence of the compaction 
process. As explained above, the method of sample preparation 
was the same in all cases: a compaction process, analogous to 
consolidation at constant stress ratio, followed by unloading 
and then consolidation at various hydrostatic stresses. In 
Chapter 2 the hypothesis was put forward that a loading-unloading 
process such as this results in a series of attractive bonds 
being set up in a cohesive soil; when these bonds are sheared they 
contribute to the shearing strength of the soil and have the same 
effect on the material as if the hydrostratic or isotropic 
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component of stress was 3 psi higher than the externally applied 
value. Because this is actually built into the sample during 
the compaction process and not during the subsequent consolidation 
it is constant for all the samples and independent of void ratio. 
This is in contrast to the line AB in Fig.5o1, In the next 
chapter is discussed~ series of tests performed on samples 
stressed at right angles to the direction of compactive effort. 
Once again the stress paths from these tests are tangential to 
the line Q' = 1.51 which passes through the point p = -3.0 psi 
on the p-axis. This suggests that the compaction process builds 
in an isotropic component of stress, in other words it is hydro~ 
static. In Chapter 2 a distinction was ~ade between the so 
called "Terzaghi effective stress" and the"actual effective stress 11 o 
It is suggested that this soil is an example of such behaviour. 
The process of compacting the soil is thought to produce a 
' ., ! 
series of attractive bonds between the soil particles. These 
bonds influence the soil behaviour in such a way that it is in-
ferred that they are equivalent to an isotropic~pressure of 3 psi 
existing in the soil. When this pressure i~ ad~ed to the value 
of p applied to the material during the undrained tests the 
observed behaviour seems to fit into a definite pattern. The 
hydros ta tic component of effective stress can rt-ow be modified in 
the following way: 
p" = oo • eoop:oeooooo•o!'oooooooooo 5o4 
where pis the Terzaghi effective hydrost~tic component of stress 
and p 11 is called the actual effective hydrostatic component of 
stress; pkc is the stress built into the material as a con-
sequence of compactiono For this particular soil prepared by 
kneading compaction wet of optimum moisture continent to a dry 
density of 93 lb/ft3 pkc is given by: 
pkc = 3.0 psi 
Unfortunately it is not possible to measure this actual 
effective stress independently so its existence must remain 
hypothetica,lo Nevertheless the concept does greatly simplify 
the description of the behaviour of this soil, resulting in 
the unique ~•ve, l)'vt;' curves discussed in Chapter 4o The 
simplicity of the idea, the fact that the 3 psi difference 
between the actual and Terzaghi effective stress is approximately 
independent of void ratio and strain and appears t~ be isotropic, 
adds to its appealo The use of the concept is also a con-
sequence of the fundamental hypothesis of Chapter 2 that the 
stress deformation behaviour of soils depends on the nature of 
the interparticle force systemo 
If the stress paths for the undrained tests are plotted 
in a three dimensional (p,q,e) space they sweep out a uniformly 
curved surface that develops into a plane inclined at a con-
stant angle to the (p,e) plane and whose strike on the (q,e) 
plane is parallel to the vo~d ratio axis. This surface is 
sketched for the material treated in this thesis in Figo5o5 and 
e 
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is represented as the two dimensional plot of~, v S 9 in 
Figo4.18. Can this surface be regarded as a state boundary 
surface for the material? Evidently only in a very limited 
sense. As stated above the S.B.S. is the boundary of all 
possible states that a soil may take, it may exist in any com-
bination of p,q and e that lies on or below the S.B.S. If 
this were so for the compacted soil tested here, only states on 
or inside this three dimensional surface in the p, q 9 e space 
would have been observed. However in the cyclic loading and 
unloading tests discussed in Chapter 4 this is violated. 
Figso4.12 and 4.16 illustrate how at low values of q the 
stress point moves outside the surface during unloadingo This 
is illustrated in Figo5o6 for a constant void ratio section of 
this three dimensional surfaceo 
Consider, for example, a sample initially consolidated 
to the state defined by point I and then subjected to undrained 
loading to the point Kand subsequently unloaded. The final 
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state point after such a load-unload cycle is at point I 0 outside 
the section of the surface defined by the undrained loading 
stress paths. This illustrates that the three dimensional 
surface defined by the stress paths is not a boundary that 
defines a limiting surface beyond which the state point cannot 
exist. However the surface is of use in that for initial 
loading all the state paths lie along it and after unloading and 
reloading, s~ch as the cycle IKI', the state point does approach 
4 
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the surface againo 
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Roscoe and Poorooshasb have shown how the use of 
dimensionless parameters makes it possible to represent the 
whole of the boundary surface with a two dimensional curveo 
A similar thing was done in Chapter 4 where in Fig.4.18 the 
stress paths were plotted in terms of the parameters q' and i•o 
These parameters are equivalent to the ones used by Roscoe and 
Poorooshasb, the difference being that the actual rather than 
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the Terzaghi effective stress is used hereo This two dimensional 
plot of t~e stress paths provides an independent evaluation of 
the magnitude of the difference between the actual and Terzaghi 
effective stress. The significance of this 3 psi was 
initially suggested because the stress paths were all tangential 
to the line with ~ 1 = 1o51 and which passes through the point 
Next the contours of equal axial strain emphasised 
the importance of the point (O, -3.0) and demonstrated that the 
parameter~• rather than q was important in describing the 
stress-strain behaviour on initial loading. Finally the definition 
of the parameters~• and ~ 1 provided yet another way of confirming 
the 3 psi difference postulated between the Terzaghi and actual 
effective stresso The parameters~ 1 and~ 1 were calculated for 
each test for a range of values for pkco These values were 
plotted and showed that the D' v ~ 9 plot in Figo4.18~ with pkc 
equal to 3 psi, provided the best representation of the stress 
paths. The plots with pkc equal to 2 psi and 4 spi showed a 
good deal more scattero Using the least squares method of 
fitting a best straight line to the contours of equal strain 
the average value of the intercept was calculated to be 
-2094 ~ 1.29 psio It was stated in Chapter 4 that the range of 
values associated with this mean value was fairly severeo The 
fact that the scatter in Figo4o18 is increased noticeably when 
pkc is changed from 3 psi to 2 psi or 4 psi confirms that the 
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range -2094 ~ 1o29 psi for pkc is severe and the choice of -3o0 psi 
is reasonableo The phenomenon represented in Figo4o18 is 
important for two reasonso Firstly it shows, in a third 
independent way, the importance of the small component of hydro= 
static stress built into the material by the compaction processo 
Secondly it demonstrates that the pattern of behaviour is 
relatively sensitive to the magnitude of pkc because deviations 
from 3 psi of the order of 1 psi are sufficient· to cloud the 
picture. It was mentioned above that it is not possible to 
measure the actual effective stress directly in the way that the 
Terzaghi effective stress can be measured; however, the per= 
sistent recurrence of the 3 psi that is required to derive a 
consistent picture of the soil behaviour suggests that the concept 
is not unreasonable. 
When discussing the idea of actual effective stress in 
Chapter 2 it was mentioned that similar ideas have been put forward 
by others, that soil behaviour is frictional and cohesion is the re= 
sult of stresses built into the sample because of the mode of forma= 
tion 
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and compositiono However, to the writer's knowledge 9 the soil 
discussed in this thesis is the first example of a material 
where the use of the concept results in such a major simplificationo 
The fact that the component of stress, pkc' seems to be constant 
for a range of void ratios, applied stresses and strains means that 
the soil behaviour can be described in a relatively simple mannero • 
Figo4o18 shows that the stress paths for a· majority of 
the tests can be represented by one Q' v~ 1 curveo Exceptions 
to this are samples with consolidation pressures less than 10 psio 
The curves for the STC 012 and CSR 009 in Figo4o19 lie well away 
from those in Figo4o18o This phenomenon is probably connected 
with the shape of the (e,lnp) curve for the material given as 
Fig.A.1 in Appendix A. The initial part of the curve is much 
flatter than the final part and samples with consolidation 
pressures less than 10 psi lie along this portion of the curveo 
' 
This suggests that the stress paths for samples at the lower 
consolidation pressures fall along an elastic part of the surfac® 
rather than on the boundary surface defined by the higher con= 
solidation pressures, in other words the stress paths lie in an 
elastic wall rather than on the actual boundary surface and con~ 
sequently the~, v ~ 1 curves are different from that in Fig.4o18o 
The consolidation curve in Appendix A makes it possible 
to determine values of ~and k (cfo Fig.3o7)o However in 
view of the concept of the actual effective stress introduced 
earlier it would seem more logical to determine A and kin terms 
0 .::: 
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of actual effective stresso In Figo5o7 the consolidation curve 
of FigoAo1 has been replotted in terms of the actual effective 
stresso This results in a slight increase in the parameters 
and k: however, the difference is not significant 9 k increases 
from 00010 to 00011 and~ is increased from 00031 to Oo033o 
These values of~ and k are very definitely a function of the 
mode of sample preparation so that it is no surprise that the 
and k values are quite different from those for a slurry also 
given in Appendix Ao 
One of the basic ideas of the Cambridge work is that 
th~ only recoverable component of deformation is volumetric 
strain which is represented by a straight line on the (e,lnp) 
curve with a slope ko There is supposed to be no recoverable 
shear deformationo An important graphical representation of 
this was the elastic wall in the S.B.S. in which the only 
component of strain was recoverable volumetric strain. Now 
it has been demonstrated in Chapter 4 how the material treated 
here has some recoverable shear deformation so the question 
arises as to whether this has to be represented on the boundary 
surfaceo The recoverable volumetric strain is represented on 
the S.B.S. because volumetric strain is in effect a change in 
void ratio and so a volumetric strain causes a change in a 
state variableo On the other hand shear strain is not a state 
variable and so it is not represented on the S.B.S. 
In summary this section has been concerned with explaining 
in qualitative terms the general features of the behaviour 
reported in Chapter 4o It has been postulated that as a 
consequence of the compaction process a hydrostatic component 
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of stress is built into the material and this has been evaluated 
~ndependently in three wayso All three of these approaches 
indicate that for the particular material discussed in this 
thesis the magnitude of this stress is approximately constant 
at 3o0 psL Using a suggestion made in Chapter 2 it is 
suggested that. this stress can be added to the measured effective 
stress to give the so called actual effective stress which 
describes the soil behaviour more satisfactorily than the 
Terzaghi effective stress. A consequence of using the actual 
effective stress is that it is possible to plot the three 
dimensional surface formed by the various undrained stress paths 
in the (p, q, e) space as a unique two dimensional plot of the 
dimensionless ratios l")Q and~ 0 o In this way the results of 
these tests are similar to the critical state concepts~ although 
the three-dimensional surface is only a S.B.S. for loading; 
unloading and reloading paths may lie outside ito Nevertheless 
the fact that the loading stress paths for the undrained tests 
do form a unique surface means that a general equation for the 
volumetric plastic strain increment can be developed for any 
stress increment lying in the surface. 
section 6 of this chaptero 
This is done in 
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5 o 4 C!ALCULATION OF INCREMENTS OF PLASTIC STRAIN 
In this section the procedure used in calculating the 
components of plastic strain for the undrained tests is outlinedo 
The calculation of the volumetric strain is discussed first and 
this is followed by procedure for calculating the distortion 
incremento 
The relation between the plastic volumetric strain and 
the shift in the k line has been outlined in section 2 of this 
chapter, However this explanation was developed for a material 
that exhibited no change in the stress component p on unloading 
the stress component q 1 ioeo for normally consolidated or lightly 
overconsolidated clayo When it is applied to a material that 
has a decrease in p when the stress component q is reduced a 
contradiction resultso It has been explained how the material 
treated in this thesis can be regarded as elastic=plastic work= 
hardening so that only elastic strains are supposed to occur 
during an unloading=reloading cycleo However for an undrained 
test the change in p on unloading implies that there must be 
some plastic volume change because of the shift in k=line 
associated with the decrease in the stress po Stress paths for 
unloading and reloading cycles can be seen in Figso4a12 and 4o16 
and they show that there is a very definite decrease in pas q 
is reduced and Figo4o21 shows that these unloading parts of the 
stress paths have a characteristic shapeo To account for this 
change in p on unloading it is necessary to modify the concept 
of the elastic wallo It is still possible to have elastic 
volume changes during unloading even when there is some change 
in p, provided that all· the unloading stress path lies in an 
elastic wallo This is the modification introduced in this 
chapter 9 viza that the unloading parts of the stress paths lie 
in an elastic wall and consequently this wall is no longer 
vertical in the (q 9 p~ e) diagramo It is still assumed that 
the intercept of this modified elastic wall on the (p 9 e) plane 
is a straight line of slope=k in (e 9lnp) diagramo The second 
2080 
of these requirements means that the particular k line associated 
with the elastic wall at a given loaded state is specified by the 
value of p" in the unloaded state and the change ink line 
during some loading process is related to the change in the value 
of p 11 at unloading. This idea is illustrated in the following 
diagram Figo5o8 which is similar to Figa4.20a 
i (i 
on uhload~ng tM~re is, 
, always ·a decrease iµ p'' 
UNLOADING PART OF STRESS PATHS 
Taking the suggestion made above, the plastic volume 
change during an undrained test is related not to dp but rather 
to dpulo Consider the case set out in the diagram above: 
a material stressed to point A on complete unloading would come 
to A'. Now if the stress was increased from A to B before 
unloading the material will end at B1 o At this stage it is 
necessary to express dpul in terms of dp so that the increment 
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of plastic volume change can be calculated. It has already been 
shown in Fig.4.21 that there is a unique relation between p max 
and Pu1• This was achieved by using the following parameter: 
~' = = 
" n P max - P ul 
P it max 
00000000-0000 (4o4) 
and Figo4.21 shows that for all the undrained tests the relation 
between), and J' is unique, which means that at any stage of 






Thus the definition of plastic 
00000000000000000000000000 (5o5) 
where p"ul = pul + 3.0. This equation represents two modifications 
of Eq. ( 3. 29) • Firstly dpul rather than dp is used in the top line 
and secondly p0 ul' the actual effective stress, is used rather 
than the T~rzaghi effective stress. At this stage it is 
necessary to calc~late dpul' this follows from the definition of ~ 9 
given in Eq.(4.4). ···It gives: 
= 0000000001toool30$000 
Substituting this into Eq.(5.5) and also substituting for 
p"ul gives: 
This equation gives an expression for the plastic volume change 
during an undrained test; it is possible to express dS' as a 
function of dp so that durirtg an undrained test dvp is still a 
function of dpo Using Eqso(4.4) and (4o5) this givesg 
Now Fig.4.21 shows that at any position along the stress path 
$' is always pofoitive and less than unity and so the plastic .. 
strain increment defined by Eqo(5.7) is smaller in magnitude 
than that calculated from Eq.(3.29) when dp is positive, and 
larger when dp is negativeo (Actually Eq.(3029) gives an 
2100 
expression for an elastic strain incrementj but since an undrained 
test is under consideration the elastic and plastic volumetric 
strain increments are equal and opposite). 
Equation (5.7) represents a considerable modification of 
the concept of the elastic wall outlined in Chapter 3 and 
amplified in section 2 of this chapter. Because of the curv-d 
' unloading stress path which must be contained in the elastic wall 
the wall itself must be curved rather than vertical. As an aid 
to visualising this the following diagram, Fig.5.9 shows a 
sketch of the modified elastic wallo Examination of the 
unloading stress paths, Figs.4.12 and 4016, shows that these 
are almost linear but that the slope decreases as 51 increases 
and so sections of the elastic wall parallel to the (q 9 p) plane 
are very nearly straight lines but the slope of these lines 
increases as~• increases. 
cH n 
~ 
t.1 ndrain eel 
slr~ss path 
SKETCH OF MODIFIED ELASTIC WALL 
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Before moving on to the calculation of the increment of 
distortion the choice of a suitable value of k needs to be 
discussed. Fig.A.1 in Appendix A gives a means of determining 
k from the slope of the rebound curve. However it would seem 
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more logical to do this in terms of the actual effective stress, 
and so k is determined from Fig.5.7 in which the void ratio is 
plotted against ln (p"). It can be seen that the initial part 
of the swelling curve is linear on the semi-logarithmic plot 
but that at the lowest values of p 11 the swelling line curves 
upward. Since the range of p 11 values for most of the tests 
considered is greater than 10 psi the slope of the linear part 
is used, thus the value of k used when calculating dvp from 
Eq • ( 5 • 7) is : 
k = 0.011 
Now the procedure used for calculating the increment of 
plastic distortion is outlined. The basic equation used is 
Eqo (3.4) i.e.:-
= 
From equation (3.24) 
dt = d.E- 1 - ~ dv 
which continues the assumption of isotropy made in Chapter 3 9 
and so: 
= dE: 8 - -½ dv8 1 
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where dc1 is the axial strain increment. For the undrained 
tests at present under discussion dve is calculated from Eqo(5o7) 
using a plus rather than a minus sign. Thus all that remains to 
determine dcp is to calculate dc1e. This can be done with the 
undrained unloading secant modulus, G , introduced in section 4.7. 
us 
It was discussed in Chapter 4 how this modulus remains approximately 
constant thrqughout an undrained test so that during the stress 
increment dq: 
d~ e = dq/G 
1 us ooo•oooooooooqeooooooooooooooo (5o9) 
Therefore:-
== 
With the aid of equations (5.7) and (5.10) it is now possible to 
calculate the increments of plastic strain during the undrained 
tests; it has already been pointed out that in the triaxial 
test there are only two independent components of deformation~ 
so that when dep and dvp a.re known the state of plastic deformation 
is completely specified. 
5.5 CONTOURS OF EQUAL PLASTIC DISTORTION 
In Fig.4.6 and 4.7 the contours of equal total axial 
strain have been plotted against the stress ratio~•• It has 
already been stated that in an undrained test the axial strain 
is equal to the distortion, so that Figs.406 and 4.7 are in 
fact plots of the contours of equal total (elastic+ plastic) 
distortion against the stress ratio·~. In this section the 
corresponding plot of the contours of equal plastic distortion 
The values of the plastic strains and 
strain increments have been calculated using a computer programme 
and the listing of this programme and the calculated results for 
the undrained tests can be found in Appendix Ho In Figo5o10 
contours of equal plastic distortion have been plotted for ep = 
0.1%, 1%, 21% and 6%. This diagram is very similar to Figo4.5 
and shows that these contours are linear in the (q,p) plane as 
were the contours of equal total distortion. In Figo5o11 the 
values of ~p have been plotted against the value of ~, for each 
of these contours and also the~• v ~ curve from Fig.4.7 is 
included for comparison. The diagram shows that there is very 
little difference between the two curves. For a given value of E:._ 
the value of~• required for the same value of cp is seen to be 
slightly greater along the initial part of the curve for small 
values of~ and £P, and for larger values the two curves con-
verge. At the small values of ~ the difference between the 
curves is very much less than the scatter for the individual values 
of~', marked as a vertical line in Fig.4.7, so it is reasonable 
to assume that the~• v cp and the~• v ~ curves for the undrained 
tests are practically the same. 
506 STABILITY OF DEFORMATION 
An essential requirement for applying the concepts of the 
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theory of plasticity is that the material deformation must be 
stable in the sense defined by Drucker. This requires that at 
all stages of the deformation the following inequality must hold~-
p 
d<f . . db . "17 0 
l.J J.J 
o o o "o • o • o o, o o o o o o o" o o o o o o Q o o o o o o o o o o o (3o 10) 
For a material which is assumed to be isotropic, and which is 
tested under conditions of axial symmetry in the triaxial apparatus 9 
there are only two independent components qf stress and straino 
In this case the above inequality can be expanded to: 
o • o e o e o o o o o o o • o <> o • o • o • o "o • o • o & o,, o o ( 5o 11) 
This inequality was evaluated at each stage of the loading for the 
undrained tests. The results are given along with the plastic 
strain increments in Appendix Ho The values are tabulated in 
the column headed DS and it is seen that the inequality is 
satisfaied at all stages of the loadingo This observation 
carries with it the implication that a yield surface must exist 
which is also a plastic potential for the material. 
For the two drained tests the plastic strain increments 
were evaluated and tabulated along with a listing of the results 
for these tests in Appendix Go The inequality given in Eqo(5.11) 
has been evaluated and, as before, tabulated in the column headed 
DS. These tabulated values show that for strains up to about 7% 
the inequality is satisfied and between strains of 7 and 10% the 
value of DS fluctuates between small negative and small positive 
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valueso This suggests that in the range of st~ains between 7 
and 10% the inequality is just satisfiedo 
For the initial stages of the loading d~p and dvp are 
positive for both the drained and undrained tests. However 
at the latter stages dvp becomes negative and so the inequality 9 
Eqo (5o 11), is still satisfied because. the term dqdep is greater 
in magnitude than the term dpdvpo It is perhaps fortunate that 
k is small for this material because this keeps the magnitude of 
the actual volumetric strain increments small and so when dvp is 
negative dqd~p is the dominant termo However. if the value of k 
was larger this might not be so 9 and the negative values of dvp 
could cause the inequality not to be satisfiedo 
5 o 7 DIRECTION OF THE PLAS'1.'IC S'l'RAIN INCREMEN'I' VECTORS 
Using Eqso(5o7) and (5o10) it is possible to calculate 
the inclination of a vector whose two components are dvp and 
d(::Y o Becaune the ma.terial is assumed to be isotropic the 
principal axes of the stress increment tensor and the strain 
increment tensor coincide, so that the direction of this vector 
can be plotted in the (q,p) plane with the stress pathso The 
angle is defined by the following equation~ 
e 000000$0000000000000000000 (5o12) 
The calculated values are included with the listing of computer 
results in Appendix a. In J.i'igo5o12 the values of9 have been 
2200 
plotted against ~ 0 for the undrained testso It is clear that .. 
there is a uniform trend in this diagram despite a large amount 
of scattero The fact that the points are scattered is not 
surprising because the values have been calculated directly from 
the stress paths and the stress=strain curveso None of these 
curves is absolutely smooth 9 although a good smoothed curve can 
be drawn through the pointso However when incremental values are 
taken, any small fluctuations from point to point become important 
and result in large fluctuations in#.!> o This is overcome by 
drawing a smoothed curve through the points in Figo5o12o 
Initially~ when the samples just yield 9 the values of e are large 
but as ~o increases 0 decreases and is zero when ~o is about 1o26o 
For larger values of ~ 0 it can be seen that 0 becomes negative 
but the angles remain smallo 
The curve shows that when ~o is equal to 1o51 8 has a 
0 value of =1.3 o This means that along the final part of the 
stress paths which have~ constant value of ~ 0 the inclination of 
the plastic strain increment vector is constanto· This angle is 
so small that it is worth considering whether it is small because 
of some experimental error 9 and should in fact be zero along the 
final part of the stress pathso The answer to this is definitely 
noo Equation (5o7) and the curve of( 0 v! 0 (Figo4 .• 21? provide 
the explanation. The plot of >q v s0 in Figo4o21 shows that 
eventually 5' reaches a constant value so the term d5 9 /( 1 - $ 0 ) 
will become zero, this happens when ~o = 2o55o Now fl O = 1 o 51 
No page 221 in original
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when ~ 0 = 2o00 so that d5 1/(1=>Q) is zero a short way along that 
part of the stress path where ~ 9 is constanto Also for all 
values of ~•71.0 dp is positive 9 thus somewhere between J' = 0.75 
(17' = 1o0) and~ 1 ,~ 2.55 the term fctp/p" = d$ 9/(1 = ~Q)~ changes 
from negative to positive values so that the plastic volumetric 
strain increment changes from positive to negative valueso The 
only way that dvp can be zaro when~' is constant (and hence e be 
zero) is for dp/p" to be equal to d) 1 /( 1 = SQ) 9 thus as p 11 
increases d~' must also increase. This is quite contrary to 
Fig.4.21 which shows very definitely that along the final part of 
the stress paths S' is constant at Oo71o Thus there is no question 
about the validity of the small negative values of e along the 
final parts of the stress paths - they are a consequence of the 
~ 1 v ~ 1 and ~v v ~ 1 behaviour expJ.ained in Chapter 4o 
Another question that needs to be considered is the 
effect on this behaviour of the use of Equation (5o7) rather than 
(3.29) for calculating the volumetric strain incremento The 
concepts underlying Eq.(5.7) have been introduced to account for 
the characteristic shape of the unloading stress paths but it has 
not been possible to put this idea to independent test because of 
the limitations of the testing equipment availabl.e, and so the 
existence of a curved elastic wall does remain hypotheticalo 
However the use of equation (5o7) alters the shape of Figo5o'12 
slightly but not the general features. It can be seen that if 
the 5 ° term is neglect_ed, e is zero when dp is zero 9 and also 
2230 
that the initial values of 8 will be smaller and the final values 
a little larger~ but the overall shape of Figo5o12 will still be 
the same - e starts at positive values and eventually becomes 
negativeo 
The same is true of d~po In Chapter 4 it has been shown 
that there is clearly some recoverable shear deformation but some 
aspects of the behaviour of G are uncertain, for example Figo4.13. us 
However Figso5o10 and 5.11 have shown that the effect of this 
recoverable shear deformation is small because there is very little 
difference between the~ v Q0 and Ep v 9° curves. Thus the 
actual value of G does not have a great influence on Figo5o12 and us 
so it can be concluded that a curve of the shape of Figo5o12 is 
truly characteristic of this material although the actual details 
of the curve do depend on the definitions of dcp and dvp usedo 
Figure 5o12 represents a very important simplification of 
The fact that all the undrained tests give the same 
n' ve curve means that the direction of the plastic strain 
increment vector is not dependent on the void ratio of the material 
as suggested by Eq.(5o1). Figure 5.12 shows that e is a function 
only of the ratio of the stresses q and p", in other words the 
successive yield curves for the work hardening material are 
. ' 
geometrically similar. The values plotted in Figo5o12 are points 
determined from a whole range of yield curves but because of this. 
geometrical similitude they are also the values that would be 
obtained when yielding takes place at various points around a 
particular yiAld curve, Thus the smoothed curve in Figo5o12 1 
a function of n 1 1 can be integrated to give an expression for " 
the yield curve for this materialo 
of this chaptero 
508 DRAINED TESTS 
This is done in section 10 
The details of the two drained tests performed have 
already been discussed in Chapter 4o At this point it is 
necessary to consider these tests further and examine the 
relationship between the measured behaviour and the boundary 
surface derived for the undrained testso It has long been a 
classic problem of soil mechanics to relate the behaviour of 
drained tests to that of undrained testso During a drained 
test the volume change means that a certain amount of the 
applied load is used in doing work against or with the cell 
pressure and to account for this the so called boundary energy 
correction has been appliedo The correction used here is that 
proposed by Bishop7 o In this an additional term is added to 
the applied shear stress to account for the volume changeo 
The equation has the following form: 
where q is the corrected stress. 
r 
ooooooooo..>00>00000000000 (5013) 
This corre~tion has been 
applied to the stress paths for the drained tests. The stress 
r~tio 9 q /(p+3) has ~een plotted in Figo5o13 against the value r I 
2250 
Of ~Io The value of~, is defined in the same way as in 
Eqo(4~3), however when calculating~, for drained tests t~e value 
of p, the value of p on the isotropic consolidation line, must be 
C 
determined for the current void ratioo In Figo5o13 that part 
of the ~, v ~ 9 , Figo4o 18, for values of < 9 '7 1 has been included 
for comparisono 
The object of applying this correction to the measured 
stress paths of the undrained tests is to see if the corrected 
\ 
paths lie in the boundary surface defined by the undrained testso 
Now along a drained stress path p (and ,therefore ~ 9 ) increases 
right from the start of the test and so it is evident that if 
the corrected path is to lie in the boundary surface then at the 
beginning of the test when ry' is near zero q'r must be about 
1o3o It is clear from Figo5o13 that this does not occur, 
although the corrected value for the early ~tages of the test 
is greater than the actual value of D' the qifference is still 
not large enougho The diagram shows that ~'r increases fairly 
rapidly with ~ 9 and actually crosses the ~ 9 v ~ 9 curve from 
Figo4o18 and so ~'r is greater than ~ 9 towards the end of the testo 
It is not clear why the corrected values of ~ 9 do not lie 
on the ~' v ~ 9 curve o This form of correction was used with 
reasonable results by Roscoe, Schofield and Wroth63 in correcting 
the results of drained tests on silto Poorooshasb and Roscoe59 
have made certain suggestions about the use of Bishop's boundary 
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form they have confined their discussion to normally consolidated 
clays. Thus it seems that it is necessary to find a suitable 
energy correction for this compacted material under drained con-
ditions, a task that is not attempted in this thesis. 
5.9 DEVELOPMENT OF A REVISED ENER~Y EQUATION 
Roscoe 1 s energy equation, discussed in Chapter 3, has 
the form: 
~ qde + pdv = Mpdc + ( 1+e) 0 G O O O O O Q O • 0 0 Q O O O O O O O O O O O ( 3 0 32) 
The terms on the left hand side of this equation represent 
components of energy due to the externally applied stresses and 
their corresponding deformations. Those on the right hand side 
are the energy components stored or dissipated within the soil. 
The term Mpd6 is the work dissipated as friction, as explained in 
Chapter 3, Mis a soil constant that is independent of void ratio, 
stress or strain. The second component on the right hand side is 
the recoverable energy of volume change, i.eo the energy associated 
with the rebound curve on the (e,lnp) plot. 
As it stands Eq.(3.32) is not suitable for describing the 
behaviour of the soil discussed in this thesis for two reasons. 
Firstly the material has some recoverable shear deformation; 
Eq.(3.32) was formulated on the assumption that this is zero. 
Secondly there is the component of stress that seems to be built 
into the soil as a result of the compaction process which requires 
that the actual rath~r than the Terzaghi effective stress be usedo 
The phenomenon of recoverable shear distortion was 
discussed from the experimental viewpoint in Chapter 4o In 
summary the discussion in section 4o7 leads to the following 
four conclusions: 
~\\.f 
(i) That the undrained unloading secopd modulus, G us 
is directly proportional to the consolidation pressure, 
Fig.4.10. 
(ii) That the non-linear unloading stress-strain curve 
has the form q = ~rn' where er is the recoverable distortion 
on complete unloading and n has the value Oo5, Figo4o14o 
(iii) That the magnitude of G is not changed by us 
repeated loading to the same maximum stress, Figo4.17o 
(iv) That for an undrained test the magnitude of G us 
seems to be independent of qo 
Of these four conclusions the first three are quite 
well established in Chapter 4, but there is some uncertainty about 
the fourtho Figo4o13 shows that although there is a fair 
amount of scatter there is no systematic change in G with qo us 
Because of this it is assumed here that G is independent of q. 
us 
Figo5o14 is a sketch of a typical stress-strain 
curve for an undrained test; some unloading curves are 
included to illustrate how the recoverable energy of distortion 
is calculated. 
~~p;pe 1of lines ,.A~ 1 CD ~rui (EF 
gives G , :,·u.s 






FIG.5o14 TYPICAL STRESS-STRAIN CURVE FOR AN 
UNDRAINED TEST WITH UNLOADING 
2290 
of G o 
us 
The slope of the lines AB, CD and EF define the magnitude 
The distortional energy stored at point Dis given by 
the shaded area GDCo From Figo4.14 the curve DC is assumed to 
be a third order curveo The area under the unloading curve gives 
the stored distortional energy UD: 





G is defined 
us 
= 2/4G q us 0000000000000000-oooooooooooooooooc 
Now when there is a small increase dq frqm q1 to q2 the 
incrementa·l increase in stored energy is: 
which can be approximated to: 
dUD ~ qdq/2G us o•oooo•ooo••••••••o • oqooooooooo 
This incremental increase in stored ener~y must be added to the 
right hand side of the energy equation as it is a component of 
stored energy. A question that should be considered is con-
cerned with the mechanism underlying this recoverable deformationo 
Is it elastic or inelastic? Obviously the non-linear unloading 
curve demonstrates that, if elastic, the deformation is not of the 
linear variety. It is suggested here that the recoverable shear 
deformation can be regarded as elastic in the same sense that the 
recoverable energy stored on consolidation is regarded as elastic. 
If the rebound curve is plotted on a natural scale the resulting 
curve of e v p for unloading is curved and has much th~ same 
shape as the q v~ curve on unloading, ioeo the curvature increases r 
as the stress decreases. Neither of these curves represents 
elastic behaviour in the usual linear sense but in as much as 
they represent deformation that is recoverable on unloading they 
imply the existence of stored energyo Thus if a correction is 
to be incorporated into the energy equation to account for the 
stored energy due to the nonlinear (e,p) curve on unloading it is 
then consistent to include another correction to account for the 
nonlinear(€ ,q) curve. 
r 
In this thesis some effort is made to 
refer to these as corrections for stored or recoverable energy; 
reference to elastic energy is avoided because of the connotation 
that the word elastic has for linear behaviour. 
The second modification to the energy equation incor-
porates the actual effective stress rather than the Terzaghi 
effective stress. That is, the component of p equal to 3.0 psi 
that seems to be built into the material as a result of the 
compaction process is included in the equation. This requires 
that three of the terms be modified. On the left hand side of 
equation 3.32 the term pdv becomes p"dv. On the right hand 
side the term for the work dissipated as friction has to be 
modified to Mp"d<:l and the term for the stored energy of volume 
change must be changed~ Comparing equations (3.29) and Oo 30) 
it is seen that the increment of volumetric energy stored during 
the application of a stress increment dp is p times the corres-
ponding recoverable volumetric strain increment. Thus the 
recoverable energy of volume change stored in the material during 
a stress increment dp is given by changing the sign of the right 
hand side of Eq.(5.7) and multiplying throughout by P"• Thus 
the energy equation is now written: 
p"dv + qdc: = Mp"dep + (1~e) f dp - p"d$'/(1-t;')s + 2ddq 000000 (5o16) 
us 
At each stage of the loading all the terms in this equation, with 
the exception of Mare either measured directly or can be 
calculated from the measured values, thus M can be evaluated at 
each stage of the stress p~tho However this is not necessaryo 
Equation (5o16) has an appearance rather different from Eq.(3o32) 
and this is so because of the corrections for recoverable 
volumetric and distortional energy~ but in essence the two 
equations are identicalo Eqo(5o16) uses the same terms to 
account for the dissipation of work as friction within the 
material as does Eq.(3.32)0 The apparent difference between the 
two equations is a consequence of the more complex terms needed 
to account for the stored energy in the compacted soil dis-
cussed here, however when written in terms of plastic strain 
increments the equations are similaro The only difference is 
that here actual effective stress is used and so Eqo(5.16) can 
be written as:-
= Mp"d£:p oaoooooo.001,1ooogoo.:,ooooooo (5o"l'?) 
This can be rearranged to give: 
M = n' + tane o•oooc.ooooo•oooooooooocaooooooo 
Figure 5o12 gives tan@ as a function of 0'. and so M can be 
calculated as a function of 0 1 0 
values are plotted in Fig.5.150 
This has been done and the 
It is immediately obvious from 
this diagram that for the compacted clay considered in this 
thesis Mis ~ot constanto The idea that the friction parameter 
2330 
Mis constant is a key concept in the critical model however the 
reason for the variability is not considered further here~ it 
may be that a different term for the work dissipated as friction 
is needed or it may be a characteristic of the material, but it 
does not pose any problem for the development of a yield curve. 
Fig.5.15 shows that at small values of n' Mis approximately 
constant at o.66 and that as n' increases M increases until 
the two are approximately equal for values of n' greater than 1.1. 
5.10 DEVELOPMENT OF A YIELD CURVE 
It is possible to fit a parabola through most of the 
points in Fig05.15. This is shown as a solid line whereas the 
dots represent points calculated using Eq.5.18 and Fig.5.12. 
For values of~• greater than o.8 the fit is very good but for 
smaller values of ~ 1 there is some divergence between the fitted 
curve and the measured points. It will be seen later that this 
difference does have an effect on the predicted stress-strain 
curves but the significance of this is not great. The curve 
fitting means that M can be expressed as the following function 
of r,•:-
00000.:.,oo&ooo•o•o•ovooooooo (5o19) 
Substituting this into equations (5.18), using Eq.(5.12) and 
rearranging gives~ 
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This equation shows, for undrained loading at least, that the 
direction of the strain increment vector depends on 0' and is 
independent of increments in stress and is thus a simplification 
of Eq.(5.1) but a little more complex than the relation that 
follows from Eqs.(3.48) and (3.49), i.e.:-
However, as explained at the end of section 5.7, equation (5.20) 
can be integrated and a yield curve derived. As explained in 
Chapter 3 a yield curve for a work hardening material is such 
that along it: 
dq/dp = ·- dvp/di:p •·•••••••··•••••••••••• (3.1+8a) 
and so 
dq/dp = -0.332~92 + 0' - 0.729 •••••••••• (5.21) 
On integration Eq.(5.21) gives the required yield curve, whose 
equation is of the form:-
.9Jl 
dx = = F(v) 
and has the solution:-
ln(x) 
where v = (;y:). Thus 
X 




dv '"""'"--.--- + C F(v) - v 
Eq.(5.20) integrates to:-
1 dq' -3.01 · 2 2 
~ 9 + ( 10481) 
-2.032 tan-1{ ~ 9/1.481} + c 
Now when fJ 9 = 0~ p 11 = p" (p" is the value of p 11 at which 
0 0 
the yield curve cuts the p" axis) and thus the yield curve has 
the equation~ 
2.360 
0 0 0 0 0 e, 0 0 0 \)I O O O O ( 5 0 22) 
This function is a yield curve for the compacted clay considered 
in this thesis, prepared by kneading compaction wet of O.M.C. to 
a dry density of 93 lb/ft3 and saturated by the application of 
back pressure, in the same way as Eq.(3a46) represents a yield 
curve for a normally consolidated clayo The partial derivatives 
of Eq.(5.22) with respect of q and p" areg 
= 1 and 
of 
c) p = = 
2 ·o 2 ( ) Oo332f"'/ 9 =() +Oo79 ooo 5a23 
From Eqs.(5a23) it can be shown that when () 1 ·- 1o23~ dvp/d€:-p = 0 
and that dvp/dtp 7 0 when l") V <:::..1 .231 and dvp /dcp < 0 when 
no > 10230 When I) V = 0 dvp/de:P = 0.729 and when q 0 "'1.51 
Some of these yield curves have been sketched 
in Figo5o16 and the general features of the curves are noted on 
the diagramo For any of the undrained stress paths in Fig.4a2 or 
the drained stress paths in Fig.4.25 each increment of stress 
results in a new yield curve being engaged and so the material 
work hardens and the range of states for which there can be 
only elastic deformation is increased. 
Using the normality concept the values of e for various 
values of ~u can be calculated from Eqs.(5a23)o This has been 
Cf /; 
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done and the result,s drawn as a solid line in F'igo5o"l7o Along 
with this calculated curve points fot" Lhe smoothed curve f1·om 
Figo5.12 have been plottedo The diagram shows that the 
correspondence between the values of@ calculated for the yield 
curve and the values from Figo5.12 agree very well for 0' ~ 0.80 
An alternative to the curve fitting used in Fig.5.15 would have 
been an exact fit of the curve at small values of 0' with some 
discrepancy at larger valueso However from the point of, 
view of actually predicting stress-strain curves it wotild seem 
to be more important to fit the curve at larger values of 0 1 
as has been done here and tolerate some discrepancy at lower 
values because tho g:ceater part of Lhe straim, occur when /) 0 
is largero 
Finally Ln this section the geometricaJ interpretation 
of the yield curves is considered. In Chapter 3 it was shown 
how the yield curves can be interpreted as the projection on to 
the (q?p) plane of the linn Lo which the ela,3tJ1: wall 11ts the 
A similar suggestion is made here. This must be so 
because for a work hardening materiaJ the yield curve represents 
the limiting curve around whi h the stress point can move and 
yet give rise to no additional plastic deformation. Clearly 
there must be some path in the boundary surface for which this 
can occur and so it must be possible to project the yield 
curve on to the boundary surface and vice versa. For values 
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outside the yield curve and in fact tencl1c; to +oo when p" is 
zero 9 but this is of no importance for the behaviour discussed 
in this chapter because here ~o cannot have a value greater than 
In this section a function givJng a yi.eld curve for the 
material has been deriveda It js a good deal more complex than 
that derived by the Cambridge group for wet clay because the 
compacted material does not seem to have a constant friction 
parameter M; however it can still be interpreted geometrically 
in the same way as the function derived for wet clayo As has 
already been pointed out the experimental results, Fig.5a12 9 on 
which this yield function is based, are independent of nonuniform 
sample deformation and so the same comment must apply to the 
function derived from theae results. In the remaining parts of 
this .chapter the relation between stress and strain for various 
stress paths is discussed, but since these are stress-strain 
curves there may be some difference between the observed and 
predicted values because of nonuniform deformation. 
Equation (3o12) for a plastic material obeying Drucker 1s 
postulate has the form: 
(JoooooOoOiiOOOOOOOOOOOOOOQ (3o12) 
The function for the yieJd curve 9 f, has a1ready been determined 
but the functi.on h has yet to be found. The direction of the 
plastic strain increment vector is defined by the gradient of 
f, c)f/;.)ff .. 9 whilst the scalar function h and the increment in 
1J 
f 'I ;)f/oO-kl do-kl 9 determine the magnitude of the plastic st.:rain 
increment vector. The procedure used here for determining his 
similar to that used in Chapter 3 where h was determined for a 
wet clay using the equation for the yield curve and equations 
(3.34) and (3.35). In Chapter 3 it was explained how Roscoe 
et a165 calculated the volume change for an arbitrary stress 
increment in the boundary surface. The S.B.S. in the (p, q, e) 
space ls unique, so the shape of the surface must defino the 
change in void ratio associated with an arbitrary stress increment 
that lies in the surface" Using thia and the observation that 
when the results of consolidation tests at constant stress ratio, 
~' were plotted on an (e 9 lnp) diagram a set of parallel straight 
lines of slope-~ was obtained, one lj.ne for each test 7 they 
obtained Eq.(3.26).for the volumetric strain increment associated 
with a stress increment in the S.B.S. An almost identical. 
procedure is followed here to determine the volumetric strain 
increment associated with an arbitrary loading stress increment 
lying in the boundary surface sketched in Fig.5.5. However in 
this case no informat:ion is available about the slope of con,~ 
solidation curves at constant stre,5s ratio 1)° 1n the (e 0 lnp) plane. 
This is overcome by assuming that the slope of these lines is a 
function of ~o. 
diagram~-




'~ 0 slope -0. 
P='I ~II 
(a.) wet clay (b) compaated clay 
FIG .5 o 18 COMPARISON Qii" CONSOLIDATION TESTS A~1 CONSTANT 
STRESS RATIOS FOR WET CLAY AND SUGGESTED 
BEHAVIOUR FOR THE COMPACTED CLAY 
This diagram illustrates the suggestion made here that the slope 
of the e,ln p 11 lines for consolidation tests at constant stress 
ratio~, may not be constant for the compacted clay 9 as has 
been observed for wet clay, but rather a function of n 9 9 denoted 
by r( f") 9 ) o Each line for Lhe compacted clay can be characterised 
by its void ratio when p" = 1 and its slope, ioeo 
00-00000Q()C,O•OQ0000000000< (5o24) 
where (e8 )~ 0 is the void ratio for a line with a particular 
value of q1 when p 11 = 1 psi o Now during the application of a 
stress increment the value of ( e ) 9 will change by~ a f) 
~ d(ea),1, =de+ r(r) p" + r 0 Crf) ln(p 11 )d1')° OOOOOOOOOQIOOO (5o25) 
This change in (ea)~ 9 can also be related to the shape of the 
undrained stress paths. During one undrained stress increment: 
= s 1 (n 1 ) (~) ., dp" 
e 
where s 1 (111 ) = d(ea)I") Jd11' and (d~1 /dp") e is the rate of 
change of q' with respect of p" along an undrained stress path. 
Equation (5a24) can also be differentiated with respect to p 11 
for an undrained stress increment, and the result substituted 
into the above equation, which gives: 
(£2..:.) dp" 
e 
= r 1 (~')/p 11 + r'(q 9 ) ln(p 11 ) {~;,'.) 
e 
and using the definition of s•(~ 1 ) this reduces to: 
Comparing this equation with (5o25) leads to: 
de ::: r(f)') { dr 
p" (d~ 1 dp 11 ) 8 
dp"} ooooo•ooo<lo1100000000000 (5o26) 
Now from the definition of 1 • 
( ~). = ; .. {(~). - ri·) 
The slope of the strese path for an undrained test, (dq/dp") 
e 
has already been denoted by-Sin Chapter 3 and the same will be 
done again hereo Using this 1 Eqo(5.26) can be expressed as:~ 
de = r(T)
0 ) f dq + S dp 11 } - p" (S+~Q) 0 00•••••0000000••••0••••0•00 (5.27) 
Using the relation:-
dv = 0 6 G O O & 0 0 0 0 0 O O O O O O O O O O O O O O O O g O O O O O O O ( 3 O 23) 
it is possible to express Eq.(5.27) as:-
dv = r ( I') 
1 ) __ f d q + s d p •~ J 
p tt ( 1 +e) l S + fl q o o o o o o o o o e o o o o o o o o o o o ( 5 o 28) 
This equation is very similar to Eqo(3o26) the only difference 
being that the constant, has been replaced with the function 
The equation fills the same purpose as Eq.(3o26) 9 
it provides an expression for the volumetric strain increment 
associated with a small increment of stress in the boundary 
surface. Because this expression is independent of any aspect 
of the theory of plasticity it can be used to evaluate the 
form of the function ho The expression given in Eq.(5.8) for 
the plastic volume change in an undrained test can be coupled 
with Eq.(5.27) to give the plastic volumetric strain increment 
associated with a stress increment in the boundary surfaceo 
Eq.(5.8) gives the plastic strain increment for an undrained test 
and this is equal and opposite to the elastic volumetric strain 
increment, so thatg 
dvp _ r(Q') {dq + Sdp0}~ k 
- p"(1+e) S +q' p 11 (1+e) 
Equation (3.12) can be expanded to give 
= h ~f f M. d :oL.. d II l OP 11 l c)q q + op" P J 
From Eqo(5o23): 
= 1 and = 
and thus: 
= hg(f) ') t dq + g(I)') dp"l oooeo•OOOQCJ600000oooooo (5o30) 
Equating coefficients of dq between Eqso(5.29) and (5o30): 
r(!]') -
"("l+e)(s~~ ::; hg(r)') 
and equating coefficients of dp gives: 
1 {Sr(n') 
p ( 1 +e) ( S+r)' ) 
From these two identities it is possible to determine the 
functions r(~•) and ho Solving for h gives:-
h = kf/~ v93::') -p-11 ... ( -1 +-e-)-gfrFT"""( S---g_,(,...r)_'.,..) .,...) 0000000000000000000000000 (5o31) 
This function h combined with the yield function f~ Eqo(5.21) 9 
makes it possible to calculate the behaviour of the compacted 
soil under various stress paths as long as these stress paths 
lie in the boundary surface stretched in Figo5o5o In the next 
section these calculations are done and the results compared with 
the observations of Chapter 4. 
5.12 PREDICTION OF STRESS STRAIN BEHAVIOUR 
Equation (5o30) gives the expansion of Eq.(3.12) for the 
increment of plastic volume strain. The corresponding ex-
pansion for the distortion is: 
de.p = hf dq + g(l"}')dp"1 oo••••ooo•o•ooo••·••o••••o (5.32) 
On substitution of h from Eq.(5.31) this becomes: 
kf,(~',S')t *" + g(l)')\ 
g(I) 9 ) ( 1 +e) ( S-g( t,')) 0•0000000•00000000 (5o33) = 
With this equation the distortion can be calculated for any 
stress path lying in the boundary surface. In this section 
the distortion which occurs during an undrained test, a drained 
test and during an isotropic consolidation test is calculated. 
The prediction of the soil behaviour during a drained test and 
during a consolidation test is the real test of the usefulness 
of the stress-strain theory developed in this chapter. It has 
been developed entirely from the results of undrained tests and 
obviously must be capable of pred:i.cting undrained behaviour 
but to be of general use it must be capable of predicting 
behaviour during an arbitrary loading stress path with any 
degree of drainage. The three cases are set out below. 
(a) An Undrained Stress Path 
There should not be any need to check on the predictions 
of the theory along an undrained stress path because the 
equations have been derived from the results of undrained tests. 
However, comparing the observed and predicted response will 
provide a means of assessing the importance of the difference 
between the c~rve and the plotted points in Fig.5.17. For an 
undrained test dq/dp 11 = -S and dp 11/p 11 = d~'/5' and so equation (5o33) 
reduces to: 
( dE:..P) = 
undrained stress path 
kf,(5' ,S') f F ~ 
(1+e)g(t,') •• 0000000000 (5.34) 
Despite the minus sign d6p is always positive. Over the initial 
part of the curve, for O ';> ~• '"'? 1, d~' .e::... 0 and thereafter is always 
positive. The term f 1 (~','S') is positive for 0..:::..17 1 ..:::::.1 and 
for r,' ,..1 .23 and negative when 1.0 < l)' < 1.23, while the function 
g(~•) is positive for all values of~•< 1.23 and then negative for 
values of ry' between 1.23 and 1.510 Thus each of the main terms 
in Eq.(5.34) is negative over a certain range of values for ~ 1 
while the other two remain positive and so the minus sign is 
cancelled. 
Equation (5.34) suggests that the t)' v cP curve for an 
undrained stress path must be influenced by the void ratio of 
the material since the term (1+e) occurs in the bottom line. 
However the range of void ratios for the undrained tests reported 
in Chapter 4 is fairly limited, between Oo?O and about Oo6O, 
and so the term (1+e) does not vary much for any of the undrained 
tests discussed. In the following calculation a value of 1.65 
is used for the term (1+e) regardless of the initial void ratio 
of the sample. This is certainly justified when Fig.4.7 is 
examined; at each value of~ there is a fair amount of scatter 
so any refinement of the (1+e) term is not justified. 
TABLE 5o1 CALCULATION OF 17 1 v tp CURVE FOR AN UNDRAINED 
WPBF.SS PATH 
I) I f I ar ( d ! I I! I) fi(~',>') g(f)') dl:p(%) .fp(%) 
0.000 1.000 -00035 -0.035 1o439 0.729 00045 OoOOO 
o. 100 0.965 -0.030 -0.032 1 .498 0.632 0.050 0.045 
0.200 0.935 -0.030 ~0.032 1.512 0 o 5l1.2 00058 0.095 
0.300 0.905 -0.030' -0.033 1.560 o.459 0.073 00153 
o.4oo 0.875 -0.030 -0.034 1.624 0.382 0.095 00226 
0.500 o.845 -0.030 -0.036 1o716 00312 0.130 0 .32·1 
0.600 0.815 -0.030 -0.037 1.870 0.249 0.182 Oo451 
0.700 0.785 -0.025 --0 .032 2. 199 00192 0.240 Oo633 
Oo800 0.760 -0.006 ·-0 .008 3.098 Oo 11+1 0.115 00873 
0.900 00754 -0.002 --0.003 4.756 0.098 00095 0.988 
0.950 0.752 -0.002 -0.003 6.344 0.079 o. 158 1.083 
1.000 0.750 0.061 10241 
1.050 0.752 +0.002 +0.003 --4.?63 0.045 0.204 10445 
10100 00754 0.002 0.003 -30075 00031 0o '195 1.640 
1.200 Oo84o 0.086 0o 102 ~Oo086 00007 0.821 2.461 
1.250 00885 0.045 0.051 0.034 -0.002 0.568 3.029 
10300 0.960 0.075 0.078 0.124 -0.010 0.634 30663 
1.350 1.040 0.080 00077 Oo 165 ~Oo016 00520 4o'l83 
1 oLt00. 10200 00160 0.133 0.211 -0.020 0.919 5.102 
1. 450 1.400 0.200 0.143 0.240 -0.023 00977 60099 
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Table 5.1 sets out the evaluation of the terms in Eq.(5.34). 
The resulting curve of ry1 v Ep for an undrained test is plotted in 
It is seen that the summation of the strain increments 
calculated according to Eq.(5.34) overpredicts slightly the 
measured distortion at any point. This would be a consequence of 
the fa6t that the angle e is overpredicted at small values of O'• 
An unfortunate consequence of an incremental procedure for cal-
culating a stress-strain curve is that any small initial error is 
propagated onwards throughout the curve. Fig.5.11 shows that 
there is no plastic distortion until ~ 1 reaches about o.40 whereas 
the theory developed in this chapter predicts that the material 
will yield right from the application of shearing stress; however, 
the distortion during this initial part of the test is only 0.23%. 
Apart from this small initial error it is seen that the predicted 
curve follows the experimental curve fairly well. Thus it seems 
that even though the mathematical curve fitted to the experimental 
points in Fig.5.17 does not fit particularly well at low values of 
~ 1 the experimental and predicted. ~1 vEP curves are very close. 
This is because there is very little distortion at small ~1 values 
along an undrained stress path" It will be seen when discussing 
an isotropic consolidation test below that this is not so along 
other stress paths. 
(b) A Drained Stress Path 
Along a drained stress path dq/dp" is always equal to 
3 and thus Eq.(5.33) reduces to~ 
2'./1 0 
deP 
drained stress path 
The various terms of this equation are evaluated in Table 5o2 
and the q v vf p curve plotted in Figo5,,20o Al.so plotted in the 
diagram is the curve of (]' r v ( p determined from the two dxained. 
testso For a drained test 11 ° must increase from the v·alue of 1 
and not decrease initially as with an undrained test because of 
the boundary energy and elastic energy corrections to the stress 
path as explained in section 5080 In the diagram it is Geen thal 
there is some discrepancy betwEen the observed and precU. Led resul l;3 o 
Calculations based on Eqo(5o35) assume that the corrected drained 
stress path lies in the boundary surface. But it has already 
been shown in section 5.8 how the corrected values of~•, ~'r, 
do not l:ie in the boundary surface defined by the undra:in1:,d testr,o 
Such behaviour has already been noted by Roscoe and Thurairajah66 
in other drained triaxial tests and they attribute it to non-
uniform deformation in the drained triaxial test. In other wordo 
the discrepancy in Figo5o20 between the observed and predicted 
~ 1 v tP curves for the drained test may not be a consequence of 
any fault in the stress strain theory proposed here, but rather 
a consequence of the failure to make the corrected drained test 
results fit the boundary surface. Nevertheless it is still 
possible to conclude that the theory does predict the general 
features of deformation that occurs during a drained testo 
TABLE 5o2 CALCULATION OF 1) 9 v '-p CURVE F'OR A DRAINED 
STRESS PATH 
,,9 ~ 0 (dfo/f) f (~ 091>9) g(ryl) 3+g(')O) S-g(rf) d~p 
10330 1 o000 00040 00198 =00015 20985 =20021 00511 
10350 10040 00038 00211 =0o0'l 6 20984 =10934 00506 
10380 10120 00071 00227 =00019 20981 =10875 00883 
10400 10200 Oo067 00239 =00020 20980 =10816 00861 
10420 10250 00040 00245 =00021 20979 =10791 00508 
10430 10300 00039 00250 =00022 20978 -10765 Oo490 
1o44o 1o350 0q037 00256 =00022 20978 =1 0740 Oo483 
10450 10400 00036 00263 =00023 20977 =10715 Oo468 
10460 10450 00035 00271 =00023 20977 -1o?15 00469 
10470 10500 00033 00280 =00023 20977 =10715 Oo457 
10475 10550 00032 00291 =00024 20976 =10714 0044·1 
1 o48o 10600 00031 00303 =00024 20976 =10714 00445 
10483 10650 00030 00317 =00024 20976 =10714 Oo451 
10490 10700 00029 00329 =00024 20976 =10714 Oo452 
10496 10750 00029 00352 =00024 20976 =10714 Oo484 
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(c) An Isotropic Consolidation Test (Q 0 = Ol 
During an isotropic consolidation test q 
and so Eqo(5o33) reduces to: 
,_ 0 and dq = 0 
dp 
(~) . . . pil 000000 ('Jo36) 
when ~ 0 = 0 the terms ~(~ 1 9 ~ 1 ) and (S-g(~u)) are constant, and by 
inserting the appropriate values the equation reduces to:-
dc.P '7 (~) consolidation Lest (11 °::::o)"' o.3,B p" () 0 0 0 D D D D O O r, 0 {J O O O ( 5 0 37) 
which can be integrated to give: 
t,P 1 , d L , t t ( 17 • 0 ) = 0 "3 78 l n ( p" / p n _, ) conso :t a-r;1.on es·. '-= · :i. 000000000 (5o38) 
where ~pis the plastic distortion that occurs when the stress 
is increased from p". to p 11 " 
l 
A corrnol ,d.at:i on test ,such a13 
this was perforrned on. Lhe compacted ,so:J.J. and the disto~r tio:o. wat"3 
measured a The re.suits have been pl.oLLt~d in Figo5.2·1 ru._; han 
the relation given in Eq.(5.38). The graph shows that the 
theory overpredicts the strains by a factor of about a third. 
However this is not surprising btcicaus,~ thu U1eory overpredi,:ts 
the angle of the plastic strain increment vector when ~u .~ O. 
What is more important is the observation that the theory does 
predict the correct form of the relationship for the plastic 
distortion during an isotropic consolidation testa In both 
cases there is a linear relation when ~pis plotted against the 
logarithm of the stress p 11 o 
The points plotted in Figo5o21 suggest that the 
assumption of isotropy may be suspect. For an isotropic 
material it would be expected that only volumetric r:d,rain would 
result during the application of hydrostatic stress incramento 
The presence of the distortion plotted in F1go5a21 obviously 
contradicts this and the situation is discussed i11 more detail 
in Chapter 6. The prediction made by Eq.(5.38) of distortion 
during hydrostatic compression ~s a consequence of the shape of 
the yield curve. Because of the normality of the plastic 
strain increment vector any yield curve that does not cross 
the p" axis at right angles wilJ predict di,stortion during an 
increment of hydrostatic stressa 
By calculating the stress-strain behaviour predicted 
by the theory for an undrained test, a drained test and an 
isotropic consolidation Lest it has been shown that the theor;y-
is capable of predicting the general features of mnterial 
behaviouro Admittedly for a drained test there is the problem 
that the corrected load:l.ng path does not 1 e in the boundary 
surface but here the overall behaviour is still predictedo Also 
in the isotropic consolidation test the predicted strain be 
about twice the measured value; however the logari.thmic form of 
the relationship is correctly predicted. It was explained in 
the introduction to this thesis that the work presented here is 
in the nature of a preliminary investigation into the worth of 
using the theory of plasticity to describe the deformation 
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behaviour of a compacted materialo It is concluded here that 
the approach is indeed very promising but before any more 
definite conclusion can be reached a number of more specific 
tests would have to be carried out to check on the validity of 
the yield curve and function h proposedo These would include 
a series of consolidation tests under con,stant stress ratios rt'o 
This would provide an independent way of deriving data for 
2.5? 0 
In addition, once a given yield curve has been 
reached by a certain amount of work hardening, its general shape 
could be investigated by moving the stress point to some other 
part of the curve. Thirdly the independence of the direction 
of the plastic strain increment vector from the direction of 
the stress increment vector is an essential aspect of plastic 
behaviour as explained in Chapter 3. This could be checked 
by applying a series of stress increments in various directions 
at a given point on the yield curveo 
5o13 CONCLUSIONS 
The substance of this chapter represents the major 
achievement of this thesis. The work here has been divided 
into two parts. In the first the behaviour of the compacted 
soil was discussed in qualitative terms and in the second a 
plastic stress-strain relation has been developed. 
In the first part it is explained how the major aimilarity 
between the behaviour discussed here and the critical state model 
is the surface in the (p~q 9 e) space defined by the undrained 
tests. Both here and in the critical state model constant void 
ratio sections of this surface are geometrically similaro 
Although the surface for the compacted soil is a boundary surface 
for initial loading, it is not a state boundary surface in the way 
that the surface in the (p 9 q,e) space defined by the state paths 
for wet clays is. Possibly the most important part of this 
qualitative discussion is the suggestion that the Terzaghi 
effective stress does not provide the most suitable means of 
describing the soil behaviour. The hypothesis is made that the 
compaction process sets up a stress system in the material that 
has the same effect as increasing the isotropic component of 
stress by 3.0 psi. This component is added to the Terzaghi 
effective stress and the result, called the actual effective stress, 
has been postulated aa the stress that controls the strength and 
deformation of the materialo 
In the second part of the chapter an expression was 
derived from which it is possible to calculate the successive 
yield loci as the material work hardenso From this, equations 
predicting the distortion during various types of test are 
derived. It was seen that although these predictions do not 
correspond exactly with the observations of Chapter 4 they do 
predict the general features of the behaviour. 
CHAPTER SIX 
BEHAVIOUR OF SAMPLES LOADED PERPENDICULAR TO THE 
DIRECTION OF COMPACTIVE EFFORT 
601 INTRODUCTION 
2590 
Towards the end of Chapter 5 it was suggested that 
anisotropy might have some affect on the stress-strain behaviour 
of a compacted soilo The current understanding of the 
behaviour of soils compacted wet of optimum moisture content by 
kneading compaction makes considerable appeal to the idea that 
the arrangement of particles is not isotropico Unfortunately 
studies of the isotropy or anisotropy of the mechanical 
properties of compacted soils are rare and the work presented 
in this chapter is the result of a simple investigation of the 
properties of the soil when loaded at right angles to thij direction 
of compactive effort rather than parallel to it as in Chapter 4. 
It is not possible to present a complete analysis here 
because insufficient testing was performed and also because of 
the limitations of the triaxial method of testing. However some 
general conclusions are possible. The results suggest that the 
elastic properties of the material are nearly isotropic and that 
the plastic properties are anisotropic; the exact degree of 
anisotropy depends on the consolidat1on pressureo Furthermore~ 
for samples loaded in perpendicular directions after consolidation 
\ 
at the same pressure the stress strain curve, q v ~, for the 
2600 
sample tested with the direction of the major principal stress 
parallel to the direction of compaction lies above that of the 
sample tested perpendicular to it but despite this anisotropy the 
stress paths for the two tests are almost identicalo 
602 CONSOLIDATION BEHAVIOUR 
The isotropic consolidation test already discussed 
briefly in Chapter 5 and presented in appendix A is discussed in 
a different context hereo This test was performed on a sample 
prepared and mounted in the triaxial cell in the same way as 
those samples tested with the direction of the major principal 
stress parallel to the directio~ of compactiono Being an 
isotropic consolidation test only increments of cell pressure were 
applied so that q and D' were zero at all stages of the testo 
In addition to measurement of the volume change for each stress 
increment, the axial deformation was also measured, so that it 
was possible to determine the ratio between the increment of axial 
deformation and the volumetric strain incremento For isotropic 
behaviour this ratio equals Oo333o In Figo6o1 the direction and 
magnitude of the elastic and plastic strain increment vectors have 
been plottedo These plastic strain increment vectors have been 
calculated by determining the total strain increment vectors for 
increasing pressure and then the vectors when the consolidation 
pressure is decreased. The latter have been plotted as the 
elastic strain increment vectors in the upper part of Fig.601 
2610 
and the vectorial difference between the total and eJ.astic 
strain increment vectors as the plastic strain increment vectors 
in the lower part of Figo6o1o It seems that the plastic strain 
increments for low consolidation pressures exhibit considerable 
anisotropy but as the consolidation pressure is increased the 
direction of the vectors tends towards the isotropic lin~, 
suggesting that the material tends to become isotropic as the 
consolidation pressure increases. On the other hand it seems 
that the elastic behaviour tends to be very much more isotropic 
particularly at the low consolidation pressureso 
Th~ observation that the material tends to become more 
isotropic as the consolidation pressure increases is slightly in 
conflict with Figa5.12 which was taken as evidence that the 
inclination of the plastic strain increment vector, tan-1 (dvp/dfp) 9 
is simply a function of ~ 1 • This would mean that the inclination 
of the vector would be constant for constant values of ~ 0 • The 
fact that the value of d~p/dvp for each increment of pin Figa6o1 
decreases as th~ consolidation pressure increases suggests that 
when n' is zero dvp/d~p depends on po This possibility is not 
investigated any further here but the significance of this effect 
could be investigated by a series of tests at constant stress 
ratio ~ 1 as suggested at the ond of Chapter 5 for confirming the 
form of the yield curves derived. 
One aspect of this consolidation test is a departure 
from normal practice and should be mentioned in passing.· It is 
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common to use a load increment ratio of 1o This is done for 
two reasonso Firstly with load increment ratios of this order 
secondary consolidation effects are reduced and secondly the 
amount of secondary consolidation per load increment is con= 
sistent. However the use of a variable load increment ratio 
as in this test produces no problems because this material is 
not very susceptible to creep deformation as has already been 
explained in Chapter 4o 
603 STRESS-STRAIN BEHAVIOUR 
The samples of soil loaded perpendicular to the direction 
of compactive effort were prepared in a different manner from 
those loaded parallel to the direction of the compactive effort. 
Those loaded perpendicular were cut from samples compacted into 
a 2-iJ:-" x 2-¼" x 2-i!-" mould whereas those loaded parallel were pre-
pared from samples compacted into a 1i11 D cylindrical mouldo 
The fact that both methods of sample preparation produced material 
with the same density was taken as evidence that there was no 
significant difference between the properties of the samples 
produced by the two methods of compactiono 
In Figs.602 to 607 stress-strain curves for the samples 
loaded perpendicular to the direction of compactive effort are 
presented. Also included for comparison are the stress-strain 
curves for samples consolidated at similar pressures and loaded 
parallel to the direction of compactive effort. From these 
curves it can be seen that the samples are somev1hat stiffer 
when loaded parallel than when loaded perpendicular to the 
direction of compactive effort. Also plotted on these curves 
are the stress paths for each of the perpendicular and parallel 
testso There is very little difference between the stress 
paths despite the considerable difference between the stress 
strain curves, so that for a sample consolidated to a given 
pressure it can be said that the stress path is independent of 
the direction of loadingo This means that the surface dis-
2640 
cussed in section 4o7 defined in the (p,q,e) space by the undrained 
stress paths and plotted in a two dimension~l diagram by use of 
the parameters~• and~, in Figp4.18 is ind~pendent of the 
direction in which the samples are loadedo Because the stress-
strain curves are not independent of the direction of loading 
the contours of equal axial strain will not be uniqueo The 
contours for the samples loaded parallel to the direction of 
compaction will lie further up the surface than those for the 
samples loaded perpendicular. 
To achieve a truly valid comparison between the samples 
loaded perpendicular and parallel to the direction of compactive 
effort it is necessary to compare samples with the same void 
ratio in addition to using similar consolidation pressures as 
has been done hereo In fact in almost all of Figs.6.2 to 6.7 
the stiffer of the two samples is the one with the smaller void 
ratioo This suggests that the reason for the difference between 
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but is simply a consequence of one sample being slightly more 
dense than the other. Examination of the differences in void 
ratio shows that for the various pairs of samples compared the 
differences range between 0.001 and 0.011 9 generally being about 
0.002 to 00003. The effect of such small differences is 
examined in Figs.6.8 and 609 in which the stress-strain curves 
for pairs of samples with small differences in void ratio are 
compared a The curves for two samples loaded parallel to the 
direction of compaction with a void ratio difference of 00007 
are plotted in Fig.6.8 and in Fig.609 two samples loaded 
perpendicular to the direction of compactive effort with a 
difference in void ratio of 0.002 are shown. The small 
differences between the curves in these figures seem to be 
related more to difference in consolidation pressure than the 
difference in void ratio between the samples compared. This 
suggests that when comparing the results of loading tests the 
effect of small differences in void ratio is not great -
certainly not of the order of the differences between the two 
directions of loading in Figs.6.2 to 6.7 - but that differences 
in consolidation pressure o~ght to be given some consideration 
when making comparisons. 
Each of the pairs of samples compared in Fig.6.2 -
607 are now discussed separately. 
The two samples STC 008 and CSR 009 in Fig.6.2 are 
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direction of compaction are stiffer Lhan those loaded perpendi-
cularo The reason for this is not clear and cannot be explained 
by differences in void ratio or consolidation pressure. This 
apparent anomaly might be associated with the observation rnado 
in section 4.7 that the stress paths for samples with consolidation 
pressures below 10 psi do not fit the ~', ~ 1 curve defined by the 
> 
other stress paths. It has been suggested in Chapter 5 that 
this is probably because at low consolidation pressures the state 
point of the sample lies on an elastic swelling line and not on 
Nevertheless Fig.6a2 shows that the two stress 
paths are identica]. 
The difference between the curves for CSR 012 and STC 007 
in Fig.6.3 is partly due to the higher consolidation pressure for 
CSR 012. Assuming that thio accounts for a differencu uf tlw 
same order as that in Figa6.9 this would still leave a fair 
range between the two cu,·ves Lt• be accounLud for· b,y an,;-;otropy,, 
In both of these l:.,2sts the porous tip for measuring pore pcesau.res 
became clogged w_.L th sill,.:one gceasc thus ghring :inaccn.cate :ceading:,~ 
so that the stress paths for these tests cannot be plotted. 
However, this has no affect on the q v ~ curves so the above 
comparison can be made" 
Once again in Figa6.4 some allowance has to be made for 
the slightly different consolidation pressures but in this case 
it would separate the curves even further. The two stress 
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the pairs of stress paths compared from perpendicular and parallel 
loading the separation of these two is greatesto 
When the 1o03 psi difference between the consolidation 
pressures for tests CSR 010 and STC 015 in Figo6o5 is allowed for 
the separation of the stress-strain curves will be increased 
slightlyv but even then the amount of anisotropy shown by these 
tests is somewhat less than the previous tests at lower con-
solidation pressuresa 
Allowing for the difference of 3 psi between the two 
tests in Figo6o6 will make the curves approach thus reducing 
the apparent degree of anisotropyo 
Finally in Figo6o7 the difference in consolidation 
pressure will make the curves approach reducing even further the 
small amount of anisotropya Furthermore in these tests the 
difference between void ratios is rather large (000112) and 
perhaps this is large enough to have some effecto 
Thus from these tests it is concluded that there is 
definitely some anisotropy in this compacted soilo This con= 
clusion is strengthened if small qualitative corrections are 
included to account for the difference in consolidation pressure 
between samples 9 which is shown to be of importance in Figso6a8 
and 6090 It is also concluded from Figs.602 to 6.7 that as the 
consolidation pressure increases the curves for loading perpendi-
cular and parallel to tend to approach indicating a trend for the 
samples to become isotropic~ thus confirming the behaviour 
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observed in Figo6o1o 
It is significant that the stress paths for the tests 
perpendicular and parallel to the direction of compactive effort 
are the same despite the anisotropy of deformationo This 
provides additional support for the hypothesis made in Chapter 5 
that the compaction process results in a component of hydro~ 
static stress of 3o0 psi being built into the materialo Since 
hydrostatic stress is 9 by definition 9' isotropic 9 the. value of 
3 psi must be independent of sample orientation if it is truly 
hydrostatic stress. The fact that the stress paths for 
parallel and perpendicular loading are identical means that they 
are tangential to the one line passing through the point (Oo 9 =3.0) 
and so the value of 3o0 psi is independent of sample orientation 
thus suggesting that it is indeed a hydrostatic component of 
stress. This also means that the shear parameters 9 in terms of 
effective stress, determined as outlined in Figo5a4 are also 
independent of sample orientationo 
604 BEHAVIOUR OF UNLOADING MODULUS 
As with the tests in Chapter 4 the undrained unloading 
modulus, G , was determined by unloading at the end of the testo us 
The values have been plotted in Figo6a10 in the same manner as 
Also included for comparison are the results from 
Figo4o10 where the values were determined from loading parallel 
to the compaction. As with the samples loaded parallel there is 
p (p.s. i.) 
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a fair amount of scatter particularly at the lower consolidation 
pressures when the void ratio tends to be variableo The graph 
does show that there is no significant difference between the 
values of G when the material is loaded parallel or perpendi-us 
cular to the direction of compactive efforto This is in line 
with Figo6o1 which suggests that the elastic properties of the 
soil are approximately isotropico 
Now there is one aspect of the material behaviour that 
is in conflict with this conclusion that the elastic 9 or un-
loading, behaviour is approximately isotropico It is well 
known that for isotropic behaviour the pore pressure parameter 
A must be equal to io In terms of the parameters p and q it 
is a simple matter to show that A can be expressed as~ 
/ 
A = i = 2.£ dq 0 0 Q 8 0 q O O O () Q O O O O O O O O O O O O G 0 0 0 0 0 0 0 0 0 0 0 ( 601) 
This demonstrates that for behaviour to be isotropic on unloading 
p must remain constanto As discussed in Chapters 4 and 5 there 
is a decrease in pas the material is unloaded under undrained 
conditions so that A j io However it has been pointed out by 
Pickering58 that this is a fairly severe test and that even for 
mild anisotropy A is likely to be significantly different from io 
Thus it is concluded that the change of p during the unloading 
part of the stress paths does not conflict with the suggestion 
that on unloading the behaviour of the material was approximately 
isotropico 
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605 DESCRIPTION OF THE ANISOTROPY 
In this section the particular type of anisotropy 
exhibited by the soil is specified and the number of parameters 
necessary to describe it are determinedo At this stage it is 
assumed that the deformation of samples when tested at right 
angles to the direction of compaction is stable in the 
Druckerian sense; it has already been shown in Chapter 5 that 
for samples tested parallel the deformation is stableo This 
assumption means that the linear relation between increments of 
plastic strain and increments of stress given in Eqo0o13) can 






Aijkl is a fourth order tensor the components of which are not 
material constants but which are likely to depend on the state 
of stress and strain and also the amount of work hardening, but 
not on increments of these. There are 81 independent components 
of this tensoro Fortunately this number can be reduced in 
several wayso 
Because of the symmetry of the stress tensor: 
= o o o Goo o a o o o o o o o o o o o o o o o o o o o o o o o o o ( 6 o2) 
So that the 81 independent values are reduced to 540 
more because of the symmetry of the 'strain tensor: 
Further-
0 0 0 0 0. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Q O O O O O O O ( 603) 
which reduces the number of values to 36. 


















When dealing with elastic materials it is possible to show 
by considering the strain energy of the deformed body that: 
= Ak.l'' __ ]_ J 0. ()(IO O O O O O O <, 0 0 0 0 0 0 0 0 0 0 0 0 0,, 0. 0. 0 0 u. 0 0 0 (605) 
which reduces the number of independent values in Eq.(6.4) to 21. 
Since energy considerations have proved useful for an elastic 
material there is the possibility that the concepts of irreversible 
thermodynamics might prove equally useful for plastic materials. 
51 This has been attempted by various authors and Naghdi shows 
how the use of Onsager 9s reciprocal relations lead to the con-
However clusion that Aijkl = Aklij for an irreversibl~ material. 
because of the assumptions involved this is little removed from 
theoretical speculation and it certainly has not been verified for 
soil. A second approach that is often used in the theory of 
plasticity to obtain relationships between various components of 
Aijkl by using the condition that the material is incompressible. 
However this cannot be used here because soil can undergo plastic 
changes in volume. The only remaining approach that can be used 
to further reduce the number of values of Aijkl is to consider the 
type of symmetry that must be built into the material as a con-
sequence of the process of compaction. 
Compacting soil into a cylindrical mould produces a 
material whose properties in any horizontal direction are the 
same and which are different from those in the vertical 
direction. In other words the components of the tensor 
A. 'kl are not affected by rotating the coordinate system through 
]. J 
_any angle about a vertical axis. This is illustrated in 
Fig.6.11. 
t direction o:f compaction 
Z""" 
properties in the 
2 aJd 3 directions 
are the same 
~----- ---....:rotational !thrciutsh 
~ I any angle about' , 
this axis produces 
~o change in .the 
components ~f A;j_j~l 
FIG.6.11 SYMMETRY OF THE COMPACTED SAMPLE 
By a process of performing certain convenient trans-
formations on the set of axes shown in Fig.6.11 it can be 
shown that certain of the components of Aijkl are zero. As 
an example an anticlockwise rotation through 180° about the 
1 axis leads to the conclusion that 16 of the components are 
zero and that the remaining non-zero components are: 
e 
0 
where [!] is a convenient s·ymbol for the matrix of the 36 non~ 
zero terms of the tensor Aijkl• The procedure followed to 
obtain this result is set out in the following paragraph. 
The first step is to find out how the stress and strain 
components are affected by this transformationo 'l'his operation 
is a standard one and is explained in any text on continuum 
62 mechanics, such as Prager o Using the transformation formula 









where aki is the cosine of the angle between the axis in the k 
direction in the transformed system and the axis in the i direction 
of the old systemo The matrix of aki values for the 180° 










0000000•0•••000 • 000,oooo (608) 
From Eqs.(6.7) and (608) the following is obtained: 
dtr' 11 = da-11 ' dO-' 22 = d£J22 ' d<T9 33 = dc1"33 
dO-' 12 = -da;2 ' d(P 13 = -d<r:j3 d<Ti 32 = d0-32 
and ooa•oooooooooQooooooooo (6.9) 
de' 11 = de11 I de'22 = de.22 ' de:-' 33 = de33 
de' 12 = -dE:12 ' de' 13 = -d<f..13 ' 
de-' 
32 = d~32 
It is not necessary to transform the components Aijkl using the 
equivalent transformation rule for a fourth order tensor because 
these components are not affected by the rotation about the 1 axis 
as a consequence of the symmetry. 
transformed system is: 
P' The equation for de 11 in the 
P' As explained above dt 11 = d~p and using the relations between 11 
284. 
the transformed and old stress components in Eq.(6.9) this 
becomes: 
but from the top line of Eq.(6.4) 
d~11 = A1111d~1+A1122d~2+A1133do;3+A1112do:j2+A1113do;3 
+A1132d0-32 
I 
Comparing these two equations it is evident that A1112 and 
A1113 must be zero for the equality. Similarly by considering 
each of the stress components in the original and transformed 
systems it can be shown that several other components of 
Aijkl are zero as set out in Eq.(6.6). 
If now the system of axes is rotated through 180° about 
the 2 axis of the original coordinate system further simplifica-
tion results. Following the same procedure as above it is 
seen that A1132 = O, A2232 = O, A3332 = o, A1213 = O, A1312 = O, 
A3211 = O, A3222 = 0 and A3233 = O. Thus Eq.(6.5) now becomes: 
A1111 A1122 A1133 . . . • 
A2211 A2222 A2233 • 0 0 
[!1 = A3311 A3322 ·A3333 • 0 0 ooooo • ooeeoooo 
• 0 0 A1212 • 0 
0 0 0 • A1313 • 
0 0 • 0 • A3332 
(6.10) 
Many other transformations of this system of axes are possible, 
but with the exception of a rotation through an arbitrary angle 
about the 1 axis no new information is obtained. Because there 
is supposed to be symmetry about any horizontal plane in Fig.6.11 
as a consequence of the compaction process, any terms of Aijkl 
that are symmetrical in their 2 and 3 indices will be equal, thus: 
Now there are seven independent values: 
A1111 A1133 A1133 0 
A3311 A3333 A3322 . 0 





• • A1313 0 
0 A 3232 
This can be further reduced by considering a rotation 
through an arbitrary angle about the 1 axis. 










-n 0. 0 o Q O O O O O O O O O O O O Cl Q O O fl, 0 0 0 0 0 0 0 0 0 (6012) 
m 
where n is sinZ and mis cosZ, Z being the angle of rot~tion. 
The components of A . . 11 transform according to the formnia: lJ{ 
a. a. a1 a 1 A 1m Jn co p mnop 
••ooooooQooo-,00000000 
62 
as explained in any standard test such as Prager • ,Considering 
the way in which A3322 transforms leads to: 
which, by using the identity m2 +n 2 = 1 and remembering that 
A3322 = A2233 and A2323 = A3232 can be reduced to: 
••ooo•oci.e•o()oo•ot't~n•oeoo-oeoe, (6014) 
Transformed values of any of the other coefficients can be 
calculated but no new information is obtained. 
Thus the final simplified matrix of coefficients contains 
only six independent values: 
A1111 A1133 A1133 • . 
A3311 A3333 A3322 . 
[~1 = A3311 A3322 A3333 • • 0Cf00000 (6015) 
A 1313 . . 
• • . A1313 0 
• 0 • 0 • A3333-A3322)/2 
These six independent coefficients are required to 
specify the type of anisotropy that the plastic deformation of 
this compacted soil would be expected to exhibit. The fact that 
six separate coefficients are required means that it is not 
possible to determine all of them separately from the results 
of tests, such as the triaxial test, where there are only two 
independent components of the applied stress systemo 
Application of Eq.(3.16) shows that for a material with 
this type of anisotropy the principal axes of the stress increment 
and plastic strain increment tensors will coincide. 
6.6 EQUATIONS FOR STRAIN INCREMENTS ON PARALLEL AND 
PERPENDICULAR LOADING 
Equation (6.15) can now be applied to the triaxial test 
stress system to determine equations for the plastic strain 
increments. When Eq.(6.15) is applied to the triaxial test it 
becomes obvious that because of the simplicity of the stress 
system applied not all of the six components can be determined. 
As only two independent stress components are applied only two 
independent strain components can be measured: 
de:/ = 11 
•·•••••••••• (6.16) 
This gives the equations applicable to the loading test in 
Chapter 4, i.e. for loading parallel to the direction of 
compactive effort. 
The next step is to find equations similar to Eqs.(6.16) 
that give the components of plastic strain when the sample is 
loaded perpendicular to the direction of compactive effort. 
The probl~m can be regarded as a rotation through 90° about 
the 2 axis as illustrated in Figo6o12 below: 
3 
~u 
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Using these values and Eq.(6.12) the manner in which the com-
ponents of Aijkl transform can be calculatedo For example 
a13a13a11a11A3311 + a13a13a12a12A3322 + a13a13a13a13A3333 
+a11a12a11a12A1212 + a11a13a11a13A1313 + a13a13a13a12A3332 
No other components of Aijkl need be considered on the right of 
the preceding equation because they are zeroo Substituting the 
values from the transformation matrix, Eqo(6.17), reduces this to: 
= 
Similarly the other components can be transformed so that 
Eq.(6.10) now becomes: 
= A2233 A2222 A2211 
A1133 A1122 A1111 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 (6018) 
where -[~1 is a convenient symbol for the submatrix of the nine 
terms in the top left hand corner of[~]~ Using the observation 
made on po285that all terms symmetrical in the 2 and 3 indices 
are equal this reduces to: 
= 
-A3333A3322A3311 
A3322A3333A3311 0 0 0 ob O O • 0 • 0 0 0 0 O • O O O O O O O O O O O O O O O (6019) 
It is now possible to write the equations for the strain 
increments for loading perpendicular to the direction of 
compactive effort: 
dt::p11 = A3333 d0-11 + (A~322 +·A3311) d0-33 
p 
A3322 do; 1 + (A3333 + A3311) d0-33 dt' 22 = OC>OOOOOOOOOOO 
d~33 = A1133 do:j 1 + (A1133 + A1111) d<T33 
(6020) 
These three equations make the problem of mounting samples in the 
triaxial apparatus with the direction of the ompa tive effort 
perpendicular to the major principal stress immediately apparenL 
The applied stress system is symmetrical with only two inde-
pendent components but the resulting strain system is not so 
simple and has three rather than two independent components of 
straino Unfortunately no attempt was made to measure separately 
the two strain components in the direction of the minor 
principal stress in the tests perpendicular to the compactive 
effort, although it was noted that some of the samples had an 
elliptical rather than circular cross section at the end of the 
testso However it is sti11 po::-1c-;ibJe to draw some cor1clusions 
about the material behaviour from the testso 
The observation explained earlier in this chapter~ that 
the stress paths for samples loaded perpendicular and parallel 
to the direction of compactive effort in an undrained test are 
identical, has not been used yet" This fact provides yet 
another way of simplifying the matrix of coefficients given in 
equations (6015) and (6019) for an undrained test. It, was 
explained on po279 that the components of the tensor A. °' 1 are l.JK 
not material constants but are likely to be functions of stress 
and strain" 'I'he fact that the undrained stre,sG path,3 are 
identica1 leads one to suppose that when comparing the increments 
of deformation under equal stress increments the appropriate 
values of Aijkl may be the same for the tests when the sample is 
loaded perpendicular or parallel to the direction of compactive 
effort• In other words it is suggested that for these un-
drained tests the components of A .. ·'kl are functious of stress 
.l. ,] 
onlyo This is not unreasonable because in the undrained tests 
the total volume of the sample is constanto It has already been 
shown that the soil has elastic properties which are isotropic, 
and so for identical stress paths in an undrained test the plastic 
volumetric strain must be the same regardless of whether the samples 
are loaded parallel or perpendicular to the direction of compactive 
efforto 
Having stated that these plastic volumetric strains must 
be equal for undrained tests it now remains to inv0stigate what 
new information this implies. 
The definition of volumetric strain given in equation (3o24) 
is not dependent on isotropic deformation so it holds for ani-
sotropic behaviouro Thus in both types of test, loading 
perpendicular and parallel to the direction of compactive effort 9 
the volumetric plastic strain increment is the sum of the principal 
plastic strain incrementso 
For loading parallel to the direction of compactive 
effort: 
and for loading perpendicular to the direction of compactive effort 
dvp = (A3333 + A3322 + A,1111)d~1 + (A1111 + A3333 + A3322 
+ A1 "133 + 2A331 ·1 )d~'33 
equating the coeff:i.cient,s of d0:, ,1 or do33 in each of thef3e 
equations leads to the following result for an undrained test: 
= 0(.)000000000000 (6021) 
Using Eq.(6.21) equations (6.16) and (6.20) can be further 
simplified. In loading parallel to the direction of compacti.ve 
effort Eq.(6.16) becomes~~ 
= 0000000000000000000 
and for loading perpendicular to the direction of compactive 
effort Eq.(6.20) becomes~ 
d ,p 
e::, 22 = 
A 
3333 
( 6c 22) 
Equation (6.22) shows that there are only two independent 
components of the plastic strain tensor when the compacted soil is 
loaded parallel to the di.rection of compaetive effort. 'Ehesc two 
components can be expressed as an isotropic or spherical component 
of the tensor giving the volumetric strain, and a deviatoric 
strain tensor with only one component, giving the distortion. 
On the other hand Equation (6.23) resuJts in a deviatoric strain 
tensor with three distinct components and so there are three 
components of distortion when the compacted soil is loaded 
perpendicular to the direction of the compactive efforto 
607 SIGNIFICANCE OF ANISOTROPY FOR THE PLASTIC STRESS-STRAIN 
RELATION DEVELOPED IN CHAPTER 5 
In this section of the chapter the significance of the 
anisotropy set out above for the plastic stress-strain law 
developed in Chapter 5 is discusscdo 
The components of deformation given in Eqo(6o22) can be 
converted to the components dEP and avP for loading parallel to 
the direction of compaction as follows~-
which reduces to: 
2930 
= 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 Q 8 0 0 0 0 0 0 0 ( 6 0 24) 
This equation shows that the plastJc volumetric strain increment 
for loading parallel to the direction of compactive effort is 
independent of the stress increment dq 1 in other words it has 
the same form as equation (508)0 For the plastic distortion 
increment: 
which can be expressed as:-
00000000000 (6025) 
Now this equation for the distortion increment has the same form 
as equation (5o32) given for the distortion increment in 
Chapter 5o 
Equations (6024) and (6025) have been derived here for a 
material whose properties are not isotropic, yet it has been 
pointed out that the form of both of these equations is the same 
as those derived in Chapter 5 where it is assumed that the material 
is isotropic. This requires some explanationo 
For ,a material to be truly isotropic three conditions must 
be fulfilled. The first of these is that under an arbitrary 
increment of stress there are only two independent components to 
the strain tensor. These are an isotropic component giving the 
volumetric strain and a deviatoric component giving only one 
component of distortion. Secondly the material must deform in 
the same way regardless of orientation with respect to the applied 
stress system. Finally two material constants completely 
describe the behaviour. Equations (6.24) and (6.25) show that 
there are only two components of deformation when the compacted 
material is loaded parallel to the direction of compactive effort, 
and so the first of the above requirements is fulfilled. However 
the preceding sections show that the other two requirements are 
not fulfilled, i.e. more than two material properties are needed 
to describe the behaviour and the deformation is not independent 
of the orientation of the sample with respect to the applied 
stress systemo Nevertheless this means that the material behaves 
simply enough when loaded parallel to the direction of compactive 
effort for an approach based on the assumption of isotropy to 
describe the deformationo In other words under these conditions 
the material is 11pseudo-isotropic 11 o However this does reveal 
the major restriction that must be applied to the plastic stress-
strain theory developed in Chapter 5o The theory is based on 
the assumption that the material is isotropic and consequently 
can only describe the behaviour when the material is loaded 
parallel to the direction of compaction in an axisymmetric stress 
systemo The possible modification to include the anisotropy of 
the compacted material is not attempted in this thesis. To 
measure this anisotropic behaviour completely some type of 
apparatus other than the triaxial equipment would be requiredo 
Nevertheless the finding that a material with the 
particular type of anisotropy set out in Eqo(6.15) can be 
treated as pseudo-isotropic under an axisymmetric stress system 
when the major principal stress is applied in the same direction 
as was the compactive effort may have important ramifications. 
Many naturally occurring deposits of soil are laid down under 
conditions not unlike those during compactiono The resulting 
deposit of soil has properties like those illustrated in Fig.6011 = 
the material is anisotropic with properties in a vertical plane 
different from those in the horizontal plane and the properties 
in any direction in the horizontal plane are the sameo Now if 
samples are obtained from such a deposit of soil and tested with 
the major principal stress applied in the vertical direction it 
would be possible to use a theory based on the assumption of 
isotropy, such as that developed by the Cambridge group 1 to 
describe the behaviour under axisymmetric stress conditionso 
Thus the apparently restrictive assumption of material isotropy 
may not preclude the application of theories such as that 




CONCLUSIONS AND SUGGESTIONS FOR FURTHER RESEARCH 
In Chapter 1 it was explained that there is a widespread 
opinion that a major area in need of development in soil mechanics 
is the understanding of the manner in which soil deforms under 
stresso The work reported in this thesis is the result of an 
initial investigation into the behaviour of a particular soil 
prepared in a particular way subjected to the stress system 
applied by the triaxial apparatuso 
The aim of the work reported in the previous chapters 
was twofoldo Firstly it was desired to investigate the 
behaviour of a material in a state that might be encountered 
in engineering practiceo Secondly it was desired to 
investigate a material with anisotropic stress deformation 
properties in order to assess the restrictions placed on the 
use of theoretical treatments based on the assumption of 
isotropyo 
As this work was an initial investigation several 
aspects require further study and these are also explained in 
this chaptero 
The eight conclusions reached are set out below in 
order of importance;= 
1) In the second half of Chapter 5 a function describing 
the form of successive yield curves for the work hardening of 
the compacted clay was derived from the results of a series of 
undrained triaxial tests in which the material was loaded in the 
direction of the compactive effort. It was demonstrated that 
although the plastic stress-strain relation developed using 
this function does not predict the behaviour of the material 
exactly, it does predict the general features of the behaviour. 
Thus the major conclusion of this thesis is that the use of 
a theory for an isotropic elastic-plastic work-hardening 
material to describe the behaviour of this particular 
compacted soil has some promise. 
As explained below results from other types of tests 
would be needed before a more definite conclusion about the 
validity of the theory can be reached. But in Chapter 6 an 
important limitation to the theory was found. The results of 
a series of undrained triaxial tests in which the material was 
loaded at right angles to the direction of compactive effort 
show that the plastic deformation of this compacted soil is 
anisotropic. However the anisotropy was such that when the 
material is loaded parallel to the direction in which the 
compactive effort was applied the material behaves in a 
"pseudo-isotropic" manner and thus the deformation can be 
described by a theory based on the assumption of isotropy. 
I• 
2) In the first part of Chapter 5 the concept of "actual 
effective stress" was introduced. It was postulated that 
this is more appropriate than the Terzaghi effective stress 
for describing the behaviour of this particular soil compacted 
to a given dry densityo The behaviour described in Chapter 4 
and further discussed in Chapters 5 and 6 indicates that the 
description of the material behaviour is simplified by adding 
3.0 psi to the hydrostatic component of effective stresso This 
3.0 psi seems to be unaffected by the amount of consolidation 
after compaction and back pressure saturation, or by the amount 
of axial deformation, in other words it seems to be a 
characteristic of this material that remains constant over a 
range of states. Because of this it was suggested in Chapter 5 
that one consequence of the compaction process is that a 
component of hydrostatic stress equal to 3.0 psi is built 
into the material. This idea is in line with the hypothesis 
made in Chapter 2 that the controlling factor determining the 
behaviour of any soil is the nature of the interparticle force 
systemo 
The magnitude of this stress component was determined 
independently by three separate aspects of the behaviour of 
the samples during undrained testso The two drained tests 
performed did not give such a clear indication, but it has been 
explained in Chapter 5 that this may be a consequence of the 
limitations of the drained triaxial test. 
3) In Chapter 3 some of the defects of the triaxial method 
of testing were discussed. It was shown by means of a simple 
analysis that the ratio of the increment of distortion to the 
volumetric strain increment corresponding to given stress 
increment has the same value regardless of whether the sample 
deforms homogeneously or deforms in a narrow slip plane. This 
conclusion was used in Chapter 5 when deriving the function for 
the successive yield curves. 
4) The work in Chapter 4 revealed that when the stress 
paths for the undrained tests are expressed in terms of the 
actual effective stress, the undrained stress paths are 
geometrically similar for samples consolidated at pressures 
greater than 10 psi. This means that th~se stress paths 
sweep out a three dimensional surface of which constant void 
ratio sections are geometrically similar. 
5) In Chapter 6 it was shown that the elastic 9 or 
recoverable, properties of the material are approximately 
isotropic, whereas the plastic deformation is anisotropic. 
Despite this anisotropic deformation, it was shown that the 
stress paths are not dependent on the direction of the loading 
with respect to the direction in which the compactive effort 
was applied. 
6) It was observed that when the samples were unloaded 
under undrained conditions there was a decrease in the 
effective hydrostatic component of stress. The definition 
of a new dimensionless parameter revealed that there was a 
well defined relation between the decrease in stress on complete 
unloading and the change in the effective hydrostatic com-
ponent of stress during the loading phase of the testo 
7) Contours of equal axial deformation were plotted for 
the undrained tests in the stress path diagram in Chapter 4. 
It was seen that these are linear and that all the contours 
pass through a common point on the effective hydrostatic 
pressure axiso It was also shown that the shape of these 
contours is a unique function of axial strain for all the 
undrained tests. 
8) On complete unloading under undrained conditions 
there was a certain amount of axial strain recovered. In 
Chapter 4 it was shown that the magnitude of this was defined 
by an undrained unloading secant modulus. The magnitude of 
this modulus was a linear function of the pressure at which 
the samples were consolidated before undrained loading. It was 
also found that the value of this modulus was not affected by 
repeated loading to a constant stress and was approximately 
constant throughout the undrained tests. 
Finally five suggestions for further research are 
presented~ 
(i) It has been pointed out at the end of Chapter 5 that 
the direction of the plastic strain increment vector has been 
determined only for undrained tests. It would be valuable to 
measure this for other stress paths such as the constant stress 
ratio paths discussed in Chapter 5. In addition, tests to 
check that the direction of the plastic strain increment vector 
at a given position on the yield curve is independent of 
direction of the stress increment at that point would provide 
an additional valuable test of the validity of the function for 
the successive yield curves developed in Chapter 5. Both these 
types of test could be performed in the conventional triaxial 
apparatus provided that facilities for controlling the stress 
path were available. 
Another important development of Chapter 5 was the 
proposal of a modified elastic wall. The existence of thi.s 
was inferred from the observed behaviour but was not measured 
directly and so it would be interesting to investigate 
experimentally the form of this wall. 
( .. ) 11 The most important limitation of the i.ncremental stress-
strain theory developed in Chapter 5 was related to the 
anisotropy of this compacted material. A more thorough 
investigation of the anisotropic properties would provide further 
evidence on which the general validity of the theory could be 
decided. The major difficulty in Chapter 6 was that simple 
equipment, such as the triaxial apparatus 9 is not really suitable 
for measuring the deformation of an anisotropic material. A more 
versatile type of apparatus capable of applying a general stress 
system rather than a very specialised one would be required for 
such an investigationo 
(iii) It would be worthwhile to conduct a more extensive 
investigation of the concept of actual effective stress intro-
duced in Chapter 5o This concept has emerged as a fairly 
clear characteristic of the undrained tests, but not of the 
drained tests, and yet if it is to be a valid concept it must 
apply to any stress path whether drained or undrainedo This 
reduces to investigating the type of energy correction needed 
to correlate the results of drained tests with those of un-
drained testso As suggested in Chapter 5 and mentioned again 
above, part of the problem might be related to the triaxial 
apparatus and so some other type of apparatus might be of more 
use in such an investigationo 
(iv) As material prepared at only one point on a compaction 
curve has been investigated here it might be interesting to 
measure the deformation of the same material under stress when 
compacted to other initial stateso Variables such as position 
on the compaction curve, compactive effort and type of com-
paction could be consideredo Perhaps the most interesting 
aspect of such an investigation would be the effect 9 if any 9 
of the initial state of the compacted soil on the value of the 
stress component built into the material as a result of the 
compaction processo 
(v) The range of void ratios covered in this study has 
not been greato Another important extension of the work 
presented in this thesis would be an investigation over a 
greater range of void ratio~s 9 by consolidating samples under 
greater pressures before loading to failureo 
A1o 
APPENDIX A 
PROPERTIES OF THE SOIL TESTED 
Ao1o INTRODUCTION 
The soil used for testing was obtained from Webb Refineries 
Ltd. 9 Henderson, who designate it as Mark 4 china clayo It was 
supplied in paper bags each containing 100 lbo of dry powdered 
soil. Determination of the liquid limit by taking samples from 
\ 
several bags showed that there was little differe~ce in the soil 
from bag to bag~ so the material was used from the bags as 
supplied 9 with no mixing or special treatmento 
A.2a GENERAL PROPERTIES 
The soil was found to have the following general 
properties~ 
Liquid Limit = 49% 
Plastic Limit = 36% 
Plasticity Index = 13% 
Clay Fraction (<2p) = 18% 
Activity ( P. I./Clay Fraction) = 0.72 
Specific Gravity = 2o54 
Fig. Ao1o gives the particle size distribution curve determined 
according to ASTM standard procedure D422-63a The particle 
size curve shows that most of the material falls into the 
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material was classified as the basis of particle size it would 
be a clayey silt. However with a liquid limit of 49% the 
material exhibits properties more characteristic of a clay than 
a silt so it has been termed a clay in this thesiso 
The photomicrograph, Fig. A.2. of silt particles from 
the soil,between 15 and 20 microns in size, shows that they 
have an irregular subangular shape. 
Electronmicrographs of the clay fraction of the soil 
are shown in Fig. A.3. These were taken by Dr A.H.Bryant 9 
formerly of the Civil Engineering Dept. A small volume was 
taken from the top of a suspension which had been prepared, as 
if to determine particle size distribution, after it had been 
standing for 24 hours. This was diluted many times 9 and a 
drop was dried on a glass plate. A carbon replica was made 
of the deposit, and the magnified image of this replica is 
shown in the photographso 
Two things are of interestfrom these electronmicrographsQ 
Firstly the elongated 9 rod like~ shape of the particles 
suggests that the clay mineral is Halloysite. Secondly there 
seems to be a tendency for the clay particles to form aggregates 
despite the presence of the dispersing agento In discussing 
the properties of a soil containing Halloysite Terzaghi 82 
considers that this tendency to form aggregates is responsible 
for the comparatively low plasticity index and high angle of 
internal friction for soils containing this clay mineralo 
Ao4o CONSOLIDATION CHARACTERISTICS 
The consolidation curve for a compacted sample of the 
soil is given in FigoAo4o This w~s obtained by compacting 
a sample at the standard moisture content and compactive 
effort used for all samples tested. The sample was then 
mounted in a triaxial cell, and after saturation by the 
application of back pressure it was consolidated under hydro-
static pressure. From the void ratio-log pressure curve 
the following values were obtained~ 
C 
C 
c' C (average for rebound) 
(for linear portion at 
beginning at rebound) 
= 000135 
= 0.0049 
The average value for the coefficient of consolidation was 
-2 2; 3o10 X 10 cm SeCo 
For purposes of comparison a consolidation test was con-
ducted in an oedometer on a slurry whose initial moisture content 
was about twice the liquid limit. 
values were obtainedg 
C = 0.179 
C 
c' = 0.035 
C 
For this the following 
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Ao5o COMPACTION CHARACTERISTICS 
Compaction curves for the material are shown in FigoAo5o 
All samples were prepared by kneading compaction in a 3 11 x 1i11 n 
,split mould o Nine layers of moist soil were used, and each 
received 22 tamps of 30 lb with a hand compactor after the style 
of the Harvard miniature compactoro For purposes of comparison 
a standard Proctor compaction curve is includedo This shows 
that the compaction used was somewhat greater than the standard 
Proctor effort, and as is usual with kneading compaction the 
slope of the curve on the wet side of O.M.C. was not as steep 
as that with dynamic compactiono All the points on these 
curves were obtained using moist soil which had been allowed 
to cure for 24 hours after mixingo 
The target values for each triaxial test sample were: 
m/c 26% and dry density 93 lb/ft3 o If the values actually 
achieved for each test sample are plotted on the compaction 
curve, most of them lie above the curve. It is thought that 
the reason for this might be that the curing period in these 
cases was usually much greater than one day, as a new batch of 




DESCRIPTION OF APPARATUS 
Bo1o INTRODUCTION 
As a preliminary to the detailed description of the 
experimental procedure given in ap_µvciC:.i.ces C and D. this 
appendix describes the type of equipment used, to aid the 
presentation of the material in appendices C and Do 
The apparatus followed the main features of the 
6 
standard triaxial set-up described by Bishop and Henkel o 
However over the years many useful developments have.been 
noted in the literature and, where appropriate, the writer 
has incorporated theseo Thus it is suggested that the 
equipment and experimental procedures used for this research 
project were of a high standardo 
Essentially the equipment consisted offuur triaxial 
cells with ~ssociated pressure generating equipmento Three 
of the cells, used for stress controlled tests, were mounted 
on a common loading frame and the fourth cell, used for strain 
controlled and consolidation tests, was set up in a Wykeham 
Farrance model T57 variable speed compression testing machine. 
Four hydraulic accumulators generated the cell and back 
pressures, the plumbing being so arranged that the systems 
could be coupled together. FigoBo1 gives a diagrammatic 
presentation of the relationship between the various componentso 
\ 
B1 o 
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HYDRAULIC ACCUMULATOR 
To minimise the effects of temperature variations on the soil 
and apparatus everything was set up in a constant temperature 
0 + 0 room controlled to 20 C -0,5 Co 
Bo2o HYDRAULIC ACCUMULATORS 
Confining pressures for triaxial testing can be 
generated in several wayso The simplest way is to use air 
pressure, but this is undesirable for all but s~ort term tests 
because of the problems that can arise when air diffuses 
through the rubber membrane into the sample. Perhaps the 
most elegant pressure generating device is the self compensating 
mercury control described by Bishop and Henkel6 o Unfortunately 
the high cost of sufficient mercury meant that this system 
could not be used hereo The remaining types of pressure 
generators include a whole range of devices, collectively 
described as hydraulic accumulators, in which a weighted piston 
generates pressure by acting on a confined volume of fluid. 
The main requirements of a satisfactory hydraulic 
accumulator are negligible friction on the piston and sufficient 
capacity to accommodate the volume changes occurring during 
consolidation and those caused by any small leaks. These 
requirements were met in a relatively simple manner using a 
combination of a 1~ 11D Bellofram rolling diaphragm and a 1 11 
Ransome and Marles ball bushing to provide an effective seal 
with negligible frictional loss. The accumulator has a 

volumetric capacity of 50 ml and a pressure range of 10 psi to 
200 psi. A cross-section of an accumulator can be seen in 
Fig.B.2 and Figs.B.3 and Bo4 are photographs of the bank of 
accumulators and a close-up of a single accumulator respectively. 
As a means of providing a constant pressure, the 
combination of a rolling diaphragm and a ball bushing seems to 
be very reliable. Only one qualification needs to be mentioned. 
At the extreme ends of the travel of the rolling diaphragm there 
seems to be a slight change in the effective area of the diaphragm 
which gives rise to an apparent frictional force. The 
significance of this force was investigated by traversing one 
hydraulic accumulator over its entire volumetric displacement at 
a nominal pressure of 140 psi and measuring the true pressure 
with one of the pore pressure transducers back pressured to a 
constant 140 psi. This test showed that over the central half 
of the travel the pressure generated by the accumulator was 
constant to within 0.1 psi but at the ends of the range the 
pressure changed by as much as 1 psi. 
B.3. TRIAXIAL CELLS 
(a) Cell for constant strain rate tests: 
This was a standard Wykeham Farrance cell modified by 
the addition of a Geonor rotating bushing to reduce ram 
friction. The top and bottom platens were replaced with 
special 1¾"D stainless steel platens for the free ends. 
FigoBo5 shows this cell mounted in the Wykeham Farrance machine 
with a sample ready for testingo 
At first the axial load carried by the samples in this 
type of test was measured with a proving ring. But on a test 
at supposedly constant strain rate the actual strain rate of 
the sample was subject to wide fluctuations, and so the proving 
ring was replaced with a stiffer deviceo A Phillips PR6101P/ 
02 HK load beam, having a capacity of 200 kgo was usedo The 
flexibility of this load beam was 0.00001 11/lb while that of a 
proving ring of similar capacity was 000015"/lb. The read-
out from the load beam was measured with a Budd model P350 
static strain indicator. FigoBo6 shows the load beam clearly. 
(b) Cells for stress controlled tests: 
The three cells for the stress controlled tests were 
specially designed and constructed for the work reported in this 
thesis. A cross-section of a complete cell can be seen in 
Fig.B.7, and photographs of the cells can be seen in FigsoBo8 
and B.9. Various aspects of their construction are described 
under the following headings. 
(i) Loading ram and bushing: 
Consisting of a stainless steel ram running in two i" 
bore R & M ball bushings, and sealed with a rolling diaphragm, 
this was of similar design to the piston of the hydraulic 
accumulators. According to Olson and Campbe1152 this is the 
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frictional loss is small and there is no vibration transmitted 
to the sample through the loading ram, as happens when a 
rotating bushing is used to reduce frictiono The change in 
effective area of the rolling diaphragm at the extreme ends of 
travel was manifested by a variation in the load necessary 
to compensate for the cell pressure. However over the middle 
half of the travel~ that used in the tests reported here~ the 
load required to compensate for the cell pressure was constant 
to within ilb. 
(ii) Bottom Pedestal: 
The 1¾11 D bottom pedestal was made from stainless steel 
and was finished with a very high polish to reduce the 
possibility of leakage into the sample under the 0-rings used 
to seal the ends of the rubber membrane. 
3 fl 
A 1b D porous probe 
for pore pressure measurement was cemented with araldite in the 
centre of the pedestal. Similarly the tube leading from the 
underside of the pedestal to the pore pressure transducer was 
cemented in with araldite. The base of the cell was machined 
from a bronze casting and the stainless steel pedestal was 
bolted to it. A photograph of the cell base and bottom 
pedestal can be seen in Fig.B.11. 
(iii) Outer Cell 
3tt 
The outer cell was made from 16 thick perspex tubing 
strengthened at the ends and third points with steel rings. 
Even with the steel rings some difficulty was experienced with 
B10o 
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the perspex 9 which had a tendency to fracture when under pressare. 
The trouble was eventually traced to the presence of tiny 
scratches on the surface of the perspex, which seemed to act as 
stress raisers. After a number of failures in this way, the 
outside of e~ch new perspex cell was polished with Brasso before 
applying any pressure, and no further f~actures occurred. 
The alignment of each cell was checked during manufacture 
by mounting the cell base in a lathe so that it ran true. Then 
the outer cell was adjusted so that the centre line of the 
loading piston at the level of the top of the cell was within 
!0.005 11 for concentricity and wobble. This adjustment was 
maintained during subsequent re-assemblies of the cells because 
each cell was so constructed that the force in the holding down 
bolts did not affect the alignment of the various components. 
(iv) Inner Cell 
The writer's original intention in using an inner cell 
entirely separate from the outer cell was to all.ow measurement 
of the changes in volume that occur during undrained tests on 
unsaturated soilso This was to be done by taking an independent 
cell pressure lead to the inner cell via a kerosine-water 
burrette (seen in the background of Fig.B.3). As things 
developed this facility was not used to the extent originally 
envisagedo However two other features did make the inner cell 
useful. Firstly, the time required for the cell fluid (castor 
oil) to drain away after the completion of a test was considerable 
and so the reduction in the volume of castor oil by the use of 
the inner cell is an advantage. Secondly, the cathetometer 
sightings for determining the deformation of the sample seem 
to be less reliable when taken through a considerable thickness 
of oilo Thus a further advantage of the inner cell was that 
it kept the sight distance through oil dow~ to ¾''o The 
arrangement of the inner cell can be seen in Fig.B.9. 
The three cells were all mounted on a common loading 
frame. The base of each cell was bolted down to a heavy 
steel plate that had been attached to the frame and levelled. 
B.4. PORE PRESSURE TRANSDUCER 
The back pressure used was high and it was not possible 
to make a transducer that could measure the absolute pore 
pressure with sufficient sensitivity and yet have the required 
long term stability" 
The standard null indicator method, Bishop and Henke1 6 , 
was not used because of the need for constant adjustment. 
However the transducer de~eloped was of sufficient stiffness 
to ensure negligible volume changeo 
Thus a type of differential pressure transducer was 
used which measured the difference between the cell pressure 
and the pore water pressureo Changes in the minor principal 
effective stress could then be measured in one step so that 
the inherently less accurate process of measuring separately 
B13o 
the cell pressure and pore water pressure and then subtracting 
them was avoidedo 
The transducers were specially built for this projecto 
Essentially each consisted of a stainless steel diaphragm, 
back pressured by the cell pressure 1 on which four Budd C9-121-A 
strain gauges were mountedo 
of a transducero 
FigoBo10 shows a cross-section 
At first some difficulty was encountered in cementing 
the strain gauges to the diaphragm in such a way that good long 
term stability resultedo A successful technique was eventually 
developed using Araldite AY103 9 and this is detailed in Appendix 
E along with the details of the design of the transducero 
Castor oil had to be used to back pressure the diaphragm for 
two reasonso Firstly conventional waterproofing compounds are 
intended to protect the gauge from dampness and atmospheric 
moisture and certainly not from long term total immersion in 
water at high pressureso Secondly waterproofing compounds 
tend to be rather soft and plastic so that when the ambient 
pressure changes the waterproofing creeps and causes the gauge 
reading to changeo Avoiding these two problems meant·that 
the strain gauges could not be waterproofed so that a non-
conductive fluid, castor oil 1 had to be used for back pressuring 
the diaphragmo Over the year and a half that the transducers 
were in use they were satisfactory in every way 9 and the back 
pressuring system was found to be reliable. 
B1~o 
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The valve described in FigoBo10 as 11leakproof 11 had to be 
capable of providing a very effective seal when closed after 
consolidation of the sampleo Any leakage past this valve 
during an undrained test would produce a very signi?icant error 
of unknown magnitudeo None of the valves commercially available 
are suitable for this very stringent task, and so a satisfactory 
valve was developed in which a stainless steel stem can be 
screwed down tightly onto a brass seatingo 
When the pressure transducers had been constructed and 
fitted to the triaxial cells as shown in FigoBo12 one further 
source of bother manifested itselfo When a sample stood under 
undrained conditions under no load the pore pressure reading 
was observed to have an erratic variation about a mean valueo 
The source of this variation was traced to the air conditioning 
plant in the constant temperature room in which the apparatus 
was mountedo The air temperature in the room tended to 
fluctuate about the mean value of 20°c with a period of 20 to 
30 minuteso These changes in air temperature were causing the 
changes in pore pressur~ readings9 When the transducers were 
insulated with polystyrene foam as shown in FigoBo13, and the 
flow of air about the room was controlled 9 the fluctuations in 
pressure disappearedo 
The readout from the transducers was made with a Budd P350 
static strain indicator capable of measuring a strain of 10-6 9 
so that pressure changes of Oo1 psi could be measuredo When 
the initial problems had been ironed out the transducers performed 
very well during the whole of the eighteen months in which they 
were used. 
Bo5o THE CATHET0METER 
The final item of equipment that needs mentioning is the 
cathetometer used to me~sure the axial deformation of each 
sample. This was loaned by the Physics Department of the 
University and h~d a range of i a m~tre and could resolve 
distances down to 0.001 9m. with a 10X microscope. The 
cylindrical triaxial cell produced a considerable spherical 
aberration, so only a very restricted field of view could be 
used. 
To achieve this restricted fi~ld of view the aperture 
of the objective lens had to be stepped down to 0.05 in. and 
a microscope illuminator was set up to provide a sufficiently 
bright image of the stationery pins which were used as targets. 
APPENDIX C 
DETAILS OF EXPERIMENTAL PROCEDURE 
C.1. INTRODUCTION 
In this appendix the basic procedure used throughout the 
experimental investigation is outlined. The appendix is 
divided into three parts dealing with the preparation of samples, 
the measurements of the stress-deformation behaviour and the 
final examination of the tested specimeno All items under these 
headings are described briefly giving an overall impression of 
the routine procedure. Several matters requiring further 
discussion are dealt with in Appendix Do 
C.2. PREPARATION OF SAMPLES 
(a) Preparation of moist soil 
As all the samples for testing were not prepared at one 
time, several mixes of moist soil were required. The initial 
attempts to prepare a batch of moist soil at the desired moisture 
content of 26% in one mixing were not successfulo To improve on 
this a method was used in which two mixes were prepared and 
subsequently blended. Two batches of soil were mixed, one about 
2% dry, and the other about 2% wet of the desired moisture content. 
This was done by weighing out a given amount of dry soil and 
calculating the amount of water required (making some allowance 
for hydroscopic moisture). The dry soil was then placed in the 
i 
' 
bowl of a Hobart dough mixer and the distilled water added slowly 
with the mixer operating at a slow speed. After all the water 
had been added the mixer was switched to the highest speed to 
ensure that any lumps were broken down. The overall mixing 
time was about 10 minuteso The mixed soil was then placed in 
a polythene bag, and after several moisture content samples had 
been taken it was stored in a 'fbg room along with the bag of 
the second mix. 
After 24 hours in the fog room the two mixes were blended 
in suitable proportions, using the Hobart mixer, to give the 
desired moisture content of· 26%0 The proportions mixed were 
calculated from the following formula: 
(M2 - MD)r + M!} ,. R = 
(MD - M1) 1 + M2 
where MD is the desired moisture content 
M1 is the moisture content of the mix dry of MD 
M2 is the moisture content of the mix wet of MD 
and R is the ratio of the weight of mix M1 to the weight 
of mix M2 requiredo 
The required quantities were mixed for several minutes and again 
stored in a plastic bag in the fog room until needed. Using 
this procedure no difficulty was encountered in preparing mixes 
ito within +0.1, -0.2% of tte desired value. 
(b) Compaction of samples for testing 
All the samples for testing parallel to the direction of 
C2o 
compactive effort were compacted into a 3" x 1~11D mould. 
The samples were compacted in 9 layers, each with 20 grams 
of moist soil. The compactive effort consisted of 22 tamps 
per layer, each of 30 lb, applied with a hand compactor 
' ' 1 t th H d ' . t t 86 simi ar o e arvar m1n1a ure compac or • After com-
paction the sample was trimmed flush with the ends of the 
mould and the sample plus mould was weighed on a Mettler 
balance that had been tared to read zero for the empty mould. 
Next the sample was removed from the mould by ex-
truding it with a piece of 1i"D bar. Casagrande and 
Hirschfeld 13 report that this does not alter the density of 
samples compacted wet of 0,M,C. As an additional precaution 
the inner surface of the mould was coated with P,T.F.E. 
lubricant from an aerosol spray to reduce any tendency of the 
soil to adhere to the metal surface. 
Upon removal from the mould, pieces were taken from 
each end of the sample for determination of the as-compacted 
moisture content. The test sample, about 1i" high, was 
trimmed from the remaining portion, and some care was taken 
to ensure that the ends of the trimmed sample were square and 
parallel. The final height and diameter of the sample were 
measured with a dial gauge comparator. 
The samples for testing perpendicular to the direction 
of compactive effort were compacted into a 2-it" cubical mould 
rather than the 3 11 x 1,i 11D mouldo As before 9 layers were 
used, but with 43 grms. of moist soil per layer and 47 rather 
than 22 tamps of the compactor were applied so that the number 
of tamps/unit volume remained the same as in the samples tested 
parallel to the direction of compaction. Since this compaction 
procedure produced the same density as the other it is reasonable 
to assume that t4e compacted soil in both cases has similar 
properties. The final sample was trimmed from this 2-;j:" cube 
of soil by carefully cutting the soil away as a 1 ~" D sampling 
tube was pushed gently into the cube. The inside of the mould 
and sampling tube were coated with P,T.F.E. spray. 
(c) Mounting of the prepared samples 
Fig.C.1 shows the way in which the samples were mounted 
for testing. Except for a few preliminary tests the height to 
diameter ratio of all the samples was 1, and free or ''friction-
less ends" were always used, The pore water pressure was 
measured from a probe at the base of the sample. This probe 
was also in contact with the side drains consisting of six 
strips of filter paper (Whatman No.1) ¾" wide over the full 
height of the sample. 
follows: 
The actual mounting procedure was as 
(i) The locating holes at the centre of each end were 
drilled using a special guide. 
(ii) The filter paper side drain was moistened and 
placed over a dummy bottom platen. The perspex disc with the 
bottom frictionless end was placed over this. 
(iii) The sample was placed on the dummy bottom platen and 
the drainage strips placed in position along the ~ides of the 
sampleo To ensure that the filter paper was not clogged with 
any excess silicone grease a small rubber strip was inserted 
between each drainage strip and the sample at the bottom endo 
(iv) The rubber membrane was placed over the sample in 
the usual mannero 
(v) The top of the membrane was peeled back and the 
whole assemblf inverted and placed on the top plateno This 
had previously been prepared by assembling the frictionless 
end and smearing the sides with I.C.I. M490 silicone greaseo 
(vi) The sample was removed from the dummy bottom 
platen and placed onto the pedestal of the triaxial cello 
The rubber membrane was folded down over the sides of the 
pedestal which had previously been coated with silicone greaseo 
(vii) Four 0-rings were placed over each platen to seal 
the rubber membrane. 
(viii) A stationery pin, used as a target for measuring 
the axial deformation, was pushed through the membrane into the 
sample about¾" from each end. The plRces where the two pins 
pierced the membrane were sealed with Budd GW-1 str.ain gauge 
waterproofing compound. 
This completed the mounting of the sample and when the 
waterproofing was dry (about 1 hour) the cell was assembledo 
(d) Back pressure saturation and consolidation 
C5o 
After the assembly of the triaxial cell 9 the sample was 
saturated by the application of back pressure. Usually this 
was done over a period of 24 hours. The cell pressure and back 
pressure were equalised, and were increased simultaneously in 
10 psi increments at the rate of one increment every 30 minutes 
to 1 hour. When the pressure had reached about 120 psi the 
whole system was left to stand for some hours to ensure that 
all the air was dissolved before the consolidation phase was 
begun. 
The consolidation pressure was applied by adjusting 
the cell pressure by the required amount relative to the back 
pressure. In all cases the actual consolidation pressure was 
measured with the pore pressure transducer. To ensure good 
bedding of the specimen on the end platens, the samples for 
stress controlled tests were consolidated, while under an 
axial load of 1 lb. The consolidation period used was generally 
24 hours after which the valve leading to the back pressure 
system was closed. 
(e) Test for saturation 
Between the closure of the drainage valve and the 
commencement of loading some of the samples were tested for 
saturation. This simply involved altering the cell pressure 
and noting any change of the pore pressure in the sample. 
For those sainples tested 1 it was found that the value 
of the pore pressure parameter B was always greater than 0097 9 
and was usually>o.99 after a response time of 1 minute. In 
calculating B from observations of the ohange in pore water 
pressure, a small correction had to be applied to allow for the 
effect on the strain gauges of the change in oil pressure in 
the pressure transducer. 
J 
c.3. MEASUREMENT OF THE STRESS~DEFORMATION PROPERTIES 
Three measurements had to be recorded at each stage 
of a test. These were: axial load, axial deformation, and 
pore water pressure (or volume change in the case of a drained 
test)o 
(a) Measurement of axial load 
In the case of the strain controlled tests this simply 
required.taking a reading of the strai~ bridge connected to the 
load beam. No allowance had to be made for ram friction 
because of the rotating bushing, and no correction was made for 
the strength of the filter paper side drain or for the load 
taken by the rubber membrane. 
For the stress controlled tests the axial load was 
determined by counting up the weights on the hanger" The load 
required to counterbalance the cell pressure was subtracted 
from the total on the hanger 9 this had been determined previously 
for a range of cell pressures by finding the weight that would 
just cause the piston to fall through the middle i'' of its 
travelo As with the s rain controlled tests no correction was 
made for the strength of the filter paper side drains or the 
rubber membraneo 
(b) Measurement of axial deform~tLCi11: 
Two measurements were taken to determine the change in 
length of the sample. Firstly the conventional procedure 
was used in which readings are taken from a dial gauge mounted 
between the top of the cell and the top of the pistono 
Although very straightforward, this method has the disadvantage 
that all the various bedding errors are included. To eliminate 
these bedding errors a second method was measured. This was 
done by measuring the distance between the heads of the two 
pins with a cathetometer. 
( c) Measurement of pore _water pressure and volume chan~ 
As explained in appendix B the pore water pressure was 
measured using a specially built differential pressure trans-· 
ducero 
Before taking a pore pressure reading it was necessary 
to ensure that the pressure was equalised throughout the sample. 
For the stress controlled tests this was determined quite si.mply 
by waiting till the pore pressure reading had reached a steady 
value. The time for equalisation was generally less than 10 
minutes from the application of the stress increment. Partly 
as an added precaution to ensure equalisation, and partly for 
convenience, a time interval of 15 minutes was used between the 
application of successive stress incrementso 
For the constant strain rate tests a suitable strain rate 
could be determined from the results of the stress controlled 
testso Such a strain rate, calculated to ensure equalisation 
at all stages of the test, results in a test of excessively long 
durationo This is because, at the initial stages of loading, 
the rate at which the pore pressure increases with strain is 
rather large" This difficulty was overcome by starting the test 
at a strain rate slow enough to ensure equalisation for the early 
part of the testo At some later stage when the pore pressure 
response was not so rapid the strain rate was changed and the 
test was completed at a greater rate of strain. 
The rate of loading to ensure complete drainage for the 
drained tests was determined ~hile the drained tests were being 
performed. As drainage was from the top end of the sample 
only 9 the pore water pressure at the bottom end could be 
measurede The rate of strain was adjusted so that the pore 
pressure reading was always within 0.2 psi of zeroo 
Co4. FINAL EXAMINATION OF SAMPLE 
Once the measurement of the stress deformation behaviour 
of the sample, both for loading and unloading, had been com-
pleted, a visual assessment was made of the uniformity of 
deformation 9 presence of slip planes etc. After this the cell 
was emptied and the sample stripped down for determination of 
the final moisture contento The time lapse between the 
completion of unloading and the weighing of the sample for the 
final moisture content determination was generally about one 
hour. 
The stripped sample was removed intact from the cell and 
the final height and diameter were measured using the dial gauge 
comparatoro The sample Waq then cut into three pieces, each 
of which was trimmed and weighed for a determination of the 
final moisture content of the sampleo 
C10o 
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APPENDIX D 
PRECAUTIONS NECESSARY TO ENSURE RELIABILITY OF 
EXPERIMENTAL RESULTS 
Do1o INTRODUCTION 
The use of the apparatus d~~~~~bed in Appendix Band 
the procedure outlined in Appendix C does not necessarily 
ensure that the observed behaviour of the soil during testing 
is representative of the actual behaviour of the soil in situo 
There are many difficulties, due both to the concept of the 
triaxial test and to the peculiarities of soil as a material, 
that must be attended to before one can dr~w useful conclusions 
from triaxial testso Most of these problems are well explained 
in the soil mechanics literature, but because they have such a 
bearing on the interpretation of experimental results, the manner 
in which these difficulties were handled is described in this 
appendixo 
The items discussed are: leakage, uniformity of de-
formation and of stress distribution, accuracy of deformation 
measurement, equalisation of pore pressure, degree of pore 
pressure response, degree of saturation, and the effect of 
temperature variationso 
Do2o LEAKAGE 
In all types of triaxial tests some assumption is made 
D1o 
about the overall volume of the sample. Leakage of cell fluid 
into the sample through the membrane or past some mechanical 
connection, or conversely leakage of pore fluid from the sample 
violates the original assumption and leads to errors of unknown 
magnitude. The problem of leakage has been discussed very fully 
61 
by Poulos and the procedures recommended by him have largely 
been followed hereo 
The majority of the tests reported in this thesis are of 
the undrained type. Because of the comparatively long duration 
of the tests, at least two days and in some cases several weeks, . . 
D2o 
and the small value for the slope of the rebound line, any leakage 
,is very critical. In the following paragraphs a simplified 
analysis is presented of the effect of leakage in an undrained 
test. Poulos pointed out that leakage of a given amount is more 
significant in an undrained test than in a drained test. 
Consider a sample normally consolidated to point A in 
Fig. D. 1. 
P 7: 'h l <r,' + i at ) 
FIG, D.1. INITIAL SLOPE OF REBOUND LINE FOR LEAKAGE ESTIMATE 
D3. 
If some leakage of cell fluid occurs into the sample at 
A the effective stress is reduced and the void ratio is increased. 
The argument here is concerned with the magnitude of this decrease 
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Where S is the slope of the rebound line at the point where it 
or 
moves away from the normal consolidation line. From the 
definition of void ratio, and some simple manipulation:-
/J. e = 
l.W(-7 + e) 
V 
<t o o o o o o o o o o 9c o Q, o o o __ o o o ~ o o o ( ii ) 
where e is the void ratio of the sample, V the volume of leakage 
and Vis the total volume of the sample" 
Examination of the rebound curves in a consolidation test 
shows that the initial slope of the rebound line is very small. 
Also the presence of shearing stress during a strength test could 
have some effect on the appropriate value of S • or However, in 
this discussion estimates of the influence of leakage will be 
based on the assumption that S is equal to the initial slope or 
of the rebound line in a consolidation test. This should at 
least give a fairly good idea of the significance of leakage, 
even if the value of S appropriate to a particular stage of a 
or 
I 
test is not a6 simply related to Cc• 
that S is given by:= or 
This assumption means 
c' 
s = or 
C 
2.3op o•ooeo•••oop•••oo••••••••oo• (J.11.) 
' Where C is the slope of the initial part of the swelling line 
C 
on the (e, log10p) diagramo 
(iii) gives:-
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From the consolidation curve in Appendix A the value of c' for 
C 
the initial stages of unloading is 0.00746. As an example, 
the change in volume needed to give a 1% decrease in effective 
stress for a sample of this compacted soil at a void ratio of 
0.65 is:-
= 
0.00746 X 0.01 
2.30 X 1.65 = 1.97 X 10-
5 
i.e. an increase in sample volume due to a cell fluid leakage 
of 0.002% leads to a 1% decrease in effective stress. The 
calculation underlines the critical effect that leakage has 
(iv) 
on the results of undrained triaxial test6. For a 1i" x 1i" Dia. 
sample 1 this corresponds to an increase in sample volume of 
3 o.86(mm) • It must be emphasised that this estimate is only 
approximate ~ecause of the difficulty in determining the value 
of S appropriate to a particular stage of a test. or . However 
it does indicate that even a small amount of leakage can be 
critical. 
Three sources of leakage may contribute to an increase 
in sample volume (generally the leakage is into the sample 
because the cell pressure is used for consolidation). The 
most significant type of leakage is the transfer of cell fluid 
through the rubber membrane into the sample; next most im-
portant is leakage past the bindings sealing the rubber membrane 
to the pedestals; and finally leakage may occur from any of 
the fittings and joints in the pore pressure measuring system. 
In the following estimates of leakage, the values used 
for the permeability of rubber and for the rate of leakage past 
the bindings are those measured by Poulos61 , although the values 
in the present ap~aratus will not be the eame it is expected 
that the order of magnitude of the various factors will be the 
same. 
(a) Membrane leakage 
With a pressure difference of 25 psi, a membrane thick-
ness of 0.010 11 and a coefficient of permeability for the rubber 
of 6.8 x 10-16cm/sec, the rate at which water enters the sample 
by permeation through the membrane is 0.19(mm) 3/day. 
Note that this is only leakage due to permeation of 
water through the membrane. Tests performed by Poulos suggest 
that because of the differences in ionic concentration between 
cell water and sample water, osmosis will provide an addition~l 
leakage of water into the sample. 
(b) Leakage past bindings 
Poulos foun~ that the rate of leakage into the sample 
D5o 
between the rubber membrane and the top and bottom pedestals 
can be considerable. However this can be greatly reduced by 
using highly polished stainless steel platens smeared with 
silicone grease, and several 0-ringso The only precautions 
necessary is to ensure that the feathered edge of the 0-ring 
is not twisted. In this way the total leakage of water into 
.· . 3·· 
a sample past the bindings could be of the order of Oo20(mm) /day 
for a pressure difference of 25 psi. 
(c) Leakage from valves and fittings 
Poulos tested an extensive range of valves and fittings 
commonly used in soil mechanics equipment. The results 
suggested that the rate of leakage through most commercially 
available valves and fittings can be alarming. Because of this 
all joints ip the syst~m for measuring pore pressures were 
sealed with araldite, and only one mechanical connection was 
allo;wed. This was the valve connecting the back pressure and 
drainage line to the sample, and for this a special "leak proof" 
valve was made. Essentially a needl~ valve in which a stain-
less steel stem co~ld be screwed down tightly onto a brass 
seating, this had a measured rate of water leakage of 0.005(mm) 3/ 
day under a pressure difference of 80 psi. 
of the valve is shown in Fig.B.10. 
A cross,-section 
Thus the leakage rate, with water as a cell fluid and 
a consolidation pressure of 25 psi is about Oo4(mm) 3/dayo 
Considering that this does not include any contribution from 
osmosis~ and takes no account of the uncertain value of S 
or 
and the fact that in many of the tests the consolidation 
pressure was greater than 25 psi, this rate of leakage is 
quite unacceptabJe because it suggcr;ts t.ha t p will decreast:1 
by at least 1% every few days. Castor oil was used aG a 
cell fluid to reduce this leakagH to an accepl:able 1evc,l" 
The oil is about 1000 times more viscous than water and since 
it is immis ible with water no osmosis can occur. With 
castor oil as a cell fluid tests of considerable· duration 
were performed without the influenco of laakago becoming 
iJ.i gn i ficant o 
D.3. UNIFORMITY OF DEFORMATION 
It is wall-known that the frictional restraint impooed 
at the ends of a soil sample by the platens can influenc~ Jls 
measured strength. However it has been shown that when the 
ratio of sample height to sample diameter is in excess of two 
the frictional restraint has a negligible effect. Even though 
strength may be unaffected, the frictional restraint has a 
c:orwi(forab1e infl.)wrtcc on the defornrnd uhape of the samplco 
Tn any investigation concerned wiih utrefJ,'.3•-defo'rmation pro}Jert.ies 
rather than strength this non-uniformity is most undesirable as 
it makes the measurement of strains truly corresponding to the 
applied stress most difficult if not impossible. 
Fortunat0ly a means of producing a uniform daformod 
shape has been developed by Rowe and Barden69 • This consists 
of using a cylindrical sample with a height to diameter ratio 
of one~ and using specially prepared "frictionless ends" for 
the sample, It has been shown that this gives strength para~ 
meters essentially the same as those from 2:1 samplesa The 
advantage of free ends is that the deformed shape of the 
sample remains uniform~ so that the assumption that the de~ 
formed sample is a cylinder is very nearly trueo Visual 
examination shows that up to strains of 9 or 10% the shape 
of the sample is uniform. The uniformity of internal de-
formation has been investigated by Kirkpatrick and Belshaw35 
using X-rays to determine the displacement of lead shot 
buried within the sample. This work indicates that the use 
of free ends with a 1:1 sample does indeed achieve a uniform 
state of deformation throughout the sample~ 
D.4. MEASUREMENT OF AXIAL DEFORMATION 
The conventional means of measuring the deformation of 
a soil sample is to use a dial gauge mounted so that the 
relative movement between the loading ram and the cell base is 
~ 
determined. This is quite adequate for much routine work 
particularly when large samples are tested. However many 
factors may contribute errors to these measurements which are 
neither systematic nor self compensati~g. Examples are the 
bedding errors between various surfaces such as the loading 
,:.:., 
ram and top platen, platen and sample (both ends), deflection of 
the cell base under load, and distortion of the cell when the 
cell pressure is changed. In addition to these errors the use 
of frictionless ends introduces a further uncertainty because 
of the stretching of the rubber and extrusion of silicone greaseo 
4 
Barden and Khayatt suggest that these bedding errors can be 
calibrated by replacing the sample with a steel block. This 
was tried but with little success perhaps because with a sample 
1i11 high small errors have a greater significance. 
All these errors could be entirely eliminated if the 
actual deformation between points on the sample itself were 
measured. This was accomplished by using a cathetometer to 
measure the distance between the heads of two i" stationery pins 
pushed into the sample about¾" from each endo In this way it 
was possible to determine the distance between the pins to 
within 0.0005 11 to 0.001 11 • For all tests the strains determined 
from the cathetometer and pins were smaller than those 
determined with the dial gauge at the same level of stresso 
Furthermore the difference between the two strains at a given 
stress was not consistent from test to testo This is, no doubt, 
related to the difficulty encountered in attempting to calibrate 
for the bedding errors. 
When the sample is unloaded, the effect of these bedding 
errors is even more significant. The values of the unloading 
modulus used in Chapter 4 differ by a factor of two when 
calculated from strains determined by the two methodso 
Do5o DEGREE OF PORE PRESSURE RESPONSE 
The classical method of measuring pore water pressure 
using a null balance system has two main disadvantages. These 
are the constant attention required and the possibility of 
leakage occurring past any one of the valves and fittings 
required in the system. For the testing reported in this 
thesis a strain gauged diaphragm was used as explained in 
Appendix B. The basic idea underlying this is that the 
volumetric requirement of the diaphragm is so small that the 
assumption of null balance is justified. Considering the 
relative volumetric stiffnesses of the diaphragm and the 
sample, Whitman, Healy and Richardson85 have derived the 




Where RP is the ratio of the measured pressure to the pressure 
that would be recorded with a true null balance system. 
Byis the ratio of the volumetric flexibility of the 
measuring system to that of the sample: 
Where c1 = flexibility of the measuring system (in5/16) 
m = coefficient of compressibility of the soil (in2/ 16) 
V 
D11o 
V = the volume of the soil sample (in3 ) 
Insertion of the appropriate values shows that for the combination 
of soil and transducer used here the measured pressure will be 
better than 99o9% of the pressure that would be recorded with a 
perfect null balance system 9 the properties of the particular 
transducer used can be found in Appendix E. 
D.5. TIME RE_52UIRED FOR PORE __ £_?..~SSURE EQUALISATION 
Related to the above discussion about the degree of 
pore pressure response is the time required for the pore 
pressures to distribute themselves throughout the sample and 
give a correct reading at the sensory elemento This can be 
quite a serious problem when samples are tested with conventional 
end platens and a height to diameter ratio of 2. The dead 
zones at the ends of the sample are not subjected to the same 
stresses as the centre part and for a soil of low permeability 
the time required for equalisation of the pore pressure 
throughout the sample imposes severe restrictions on the rate 
at which a test may proceed. 
In describing the use of free ends in section D.3 it 
was emphasised that these gave a sample with a uniform deformed 
shape. Just as important however is the fact that uniform 
deformed shape gives a more uniform distribution of pore water 
pressure throughout the sample. This means that the time 
required for pore pressure equalisation is drastically reduced 9 
so the rate of loading may be increasedo 
An additional measure used to promote rapid equalisation 
was the side drainage system shown in Fig. Ca1: the drains made 
contact with the porous stone by passing beneath the perspex 
disc forming the lower free endo The time for pore pressure 
equalisation was measured in the stress controlled tests as 
explained in Appendix Co 
D.6. DEGREE OF SATURATION 
When compacted 9 the soil samples are not fully saturated. 
Unfortunately this represents a very considerable complication 
as the effective stresses acting in a partially saturated soil 
are most difficult to evaluate. To remove this problem 
altogether it was decided to saturate the samples before testing. 
In many applications of compacted soils the material eventually 
becomes saturated by percolation and perhaps by additional con= 
solidation after placemento Thus saturating the compacted 
samples can be justified on practical grounds as well as ex~ 
perimental ones. 
Back pressuring was used to saturate the samples because 
other means have been shown to be inadequate 9 Lowe and 
46 
Johnstone o Since the range of consolidation pressures used 
was not particularly large 1 it was always possible to use back 
pressures in excess of 100 psi. The following formula has 
been suggested by Lowe and Johnstone46 for calculating the back 
D:2o 
pressure required for saturation:-
u as = u ao 
(1-H) (1~S ) 
H o 
Where U is the required back pressure as 
U is the initial pressure of the air in the pores ao 
S the initial degree of saturation 
0 
H Henry's coefficient of solubitily for air in water 
(approx. 0.02 at 20°c) 
The back pressure used was always greater than that required 
by the formula so that any additional air trapped between the 
sample and the membrane can also be dissolvedo 
As explained in Appendix C several samples were tested 
for saturation by increasing the cell pressure by a 10 or 
20 psi increment and noting the pore pressure response. All 
these tests indicated that the samples were saturatedo 
Do7o INFLUENCE OF TEMPERATURE VARIATIONS 
Examination of any of the various theoretical treatments 
of the electrical double layer that surrounds a clay particle 
immersed in an aqueous environment suggests that fluctuations 
in temperature will have an effect on the behaviour of soils 
containing some proportion of clay particleso This has been 
demonstrated by Mitchell and Campanella50 and also by Benkel 
28 and Sowa who showed that several cycles around a fixed 
temperature variation path leads to a gradual increase in pore 
D14,, 
water pressure. This suggests that long term tests on clay soils 
must be conducted at constant temperature. For this reason all 
the experimental work was carried out in a constant temperature 
room, '• 0 The average temperature of the room was 20 C subject to 
fluctuations of i 0 c about the mean, with a period of 20-30 
minutes. 
The most significant temperature effect encountered in 
'( ' 
the investigation was traced to the ~ffect of temperature 
fluctuations on the pore pressure transducer. Since this was 
a closed system with the sample any temperature change registered 
as a change in pore pressure. The temperature variation 
mentioned in the above paragraph caused fluctuations in pore 
pressure of about 1 psi, but this was overcome by lagging the 
pressure transducer as explained in Section B.4. 
APPENDIX E 
DESIGN AND CONSTRUCTION OF THE PORE PRESSURE 
TRANSDUCER 
E.1. INTRODUCTION 
The pore water pressure trb~w~ucer has already been 
described briefly in Appendix B. Fig. B.1 shows how the 
transducer is incorporated into the hydraulic circuit and 
Fig. B.10 gives a cross-section of the transducer. In 
Appendix B~ Section B.4. some of th~ general features of the 
operation and construction of the transducer are explained. 
However, a successful transducer must fulfil other criteria 
not treated in Appendix B, and these are discussed here. 
Also the procedure for cementing the strain gauges to the 
diaphragm is set outo 
E.2. DESCRIPTION OF THE TRANSDUCER 
After some preliminary calculations a stainless steel 
diaphragm 0.033 11 thick and 1 11 D was decided upon. Four Budd 
C9-121A foil strRin gauges were cemented to the diaphragm as 
shown in Fig.Eo1 and wired as a four arm strain bridge. The 
two gauges near the centre of the diaphragm register tensile 





st.rain ~ .... ---1--gauges at' centre regis,ter 
tensile strain a 
FIG.E.1o ARRANGEMENT OF STRAIN GAUGES 
Under the following headings the various criteria that 
the transducer must meet are described briefly, and the per-
formance of the transducer under each of the categories is 
enumeratedo 
(i) Stabilit~ 
Obviously it is important that the transducer gives a 
steady reading when subjected to a constant pressure for some 
timeo As explained in Appendix B this criterion of performance 
was not particularly easy to fulfilo The problem was that the 
cement fixing the strain gauge to the diaphragm tended to creep~ 
indicating an apparent change of pressureo This was eventually 
overcome by using the process explained in Section 3 of this 
appendixo 
In all cases the drift of the transducer as finally 
developed was less than Oo1 psi over a period of three weeks 
·when under a pressure difference of 20 psio 
(ii) .Q.£,_mpliance 
There are two reasons why the volumetric requirement of 
the transducer should be small. Firstly, if the diaphragm is 
relatively flexible the measured pressure will be somewhat 
lower than the theoretical pressure, and secondly the time re-
quired for sufficient water to deflect the diaphragm to drain 
from the sample will make the duration of the test exceedingly 
long. 
The volumetric compliance of the diaphragm alone is 
··6 3 2. 6x10 in /psL When the 0.33 in3 of water behind the dia-
phragm and in the connecting pipe is included the total com-
pliance of the transducer becomes 3.7x10~6in3/psi. For the 
soil tested this means that in all tests the measured pore 
water pressures were better than 99.9% of the theoretical 
response and for the load increments used the time for pore 
pressure equalisation throughout the sample was less than 
10 minutes. 
As explained in Appendix D the consiquences of even a 
small amount of leakage are critical. For this reason all 
joints between the components of the transducers were sealed 
with Araldite. The only mechanical connection was the valve 
in the drainage sys~em, with which special care was taken to 
ensure leak proof qualities. 
(iv) Sensi tivi·tL 
The sensitivity of the completed transducers ranged 
between 10 and 15 microstrain/psio The actual strain readings 
were taken with a Budd Model P 350 strain indicator, which was 
found to be capable of resolving strain differences down to 
1 microstrain quite accurately 9 so it was possible to measure 
pressure changes as small as 0.1 psi. 
(v) Linearit.Y. 
The calibration curves for all four transducers were 
linear to within 1% of the calibrated range. That is 9 effects 
due to non-linearity and hysteresis were always less than 1% of 
the working range of the transducer. 
(vi) Safety ~gainst overpressure 
The differential pressure across the diaphragm was 
always less than 100 psi in the tests. However if at any 
stage there had been an accidental loss of cell or back pressure 
the diaphragm might have been subjected to pressures considerably 
in excess of 100 psio This eventuality would not have damaged 
the transducer as the gauges and the diaphragm were capable of 
withstanding pressures in excess of 200 psi without damage" 
The four transducers were in constant use for a period 
of eighteen months during which they performed in a most 
satisfactory manner. 
E4o 
E.3. PROCEDURE FOR CEMENTING THE S'l'I~AIN GAUGES TO THE DIAPHRAGM 
The method is outlined step by step in the following 
paragraphs. 
(i) Cleaning 
The diaphragm was roughened with fine emery paper and 
given a thorough degreasing with cleaning fluid (1 part of xylol 
to 2 parts of methyl ethyl ketone). 
(ii) Roughening the backing of the gauge 
The epoxy backing of the gauges as supplied was very 
smooth. Before use this was roughened to improve the bond 
between the Araldite and the gauge. 
The gauge was mounted grid downwards on a piece of 
Sellotape and the back was rubbed gently with very fine emery 
powder. When this was completed the gauge backing had lost 
, its shiny appearance. 
(iii) Cleaning the gau~. 
After stage (iii) the Sellotape was trimmed so that the 
grid side of the gauge was still covered, but no tape projected 
over the edges. 
The gauge was then swirled about in a beaker of 
cleaning fluid and left to dry in air. 
(iv) Mounting the gauges on the diaphragm 
The gauges were mounted on the required part of the 
diaphragm with a further piece of Sellotape trimmed so that 
three edges of the gauge were free. This allowed any excess 
Araldite to flow from under the gauge. 
(v) Mixing of Araldite 
Araldite AY103 and h~rdener HY951 were used in the ratio 
100:8i by weight. A quantity 20-40 gr. was prepared, and after 
vigorous stirring the mixture was put in an oven for a few 
minutes to remove the air bubbles. 
(vi) Application of Araldite 
A generous amount of warm, air free Araldite was 
applied under each gauge. The gauges were then covered with 
a thick piece of polythene and this was topped with a piece of 
Perspex. Over this a flat piece of steel was placed which 
was loaded with weights fn ex6ess of 20 lb. The purpose of 
the weight was to squeeze out the excess Araldite from under the 
gauge. 
(vii) Curing 
The whole assembly was placed in an oven at 212°F and 
about eight hours later the weights were removed. The 
temperature of the oven was then raised gradually to 300°F and 
held there for four hours. After this the oven was cooled 
to 180°F and held there for five days. During this final stage 
of the curing operation the Sellotape could be removed and any . . 
excess Araldite cut away from around the gauge. 
(viii) Cycling 
Before the transducer was calibrated it was cycled 
10-20 times through a pressure range well beyond the expected 
E6. 
working range. This worked out any change in the zero of the 
transducer caused by cold working of the strain gauges. 
APPENDIX F 
LISTING OF REDUCED EXPERIMENTAL RESULTS 
FOR UNDRAINED TESTS 
This appendix contains a listing of all the reduced 
experimental results for all of the undrained testso Also 
F1. 
included is a listing of the computer programme used in analysing 
these results. 
Initially a fairly complete description of each test and 
the sample is given. For the CSR tests (Constant Strain Rate) 
the various strain rates used are given in brackets with the 
title. Also after the title 1 on the same line, the type of 
loading (parallel or perpendicular to the direction in which the 
compactive effort was applied to the material) is given. 
The particulars of the test are followed by the listing 
of reduced results in seven columnso 
columns are:-
The headings of the 
"Time Elapsed", gives the total time in minutes since 
the first axial load was applied to the sample. 
"Axial Def", gives the axial strain calculated according 
to Eq.(3.22). 
'Q', gives the stress component q calculated from 
Eq. (3 .20). 
'P', gives the stress component p calculated from 
Eq. (3 .19). 
1 N1 , gives the stress ratio~• = q/(p+3.0). 
1 SIGMA1 1 1 gives the values of the major principal 
stress u 1 1 • 


























































C Tr C/\LCUL/IH EFF[ClIVe STRF:SS[S AND STRAIN "POM lllf- RESULTS ('F AN UnPPAINH; 
C TPIAXIAL TEST 
L 
C******************************************************************************* 
[ 1 1FENS!iJM flTLr:(20),NUTES(201,SM(31,TS(3),SP(3),lC(31 . 
IMTEGbR TITLf: 1 SM 1 SP,TS 1 TC 
!~llGLR l!TLE,TU,TH,TM,TP 
µ l AL MC l , '·1L 2 1 '1 C ( b ) 1 MIJ , '~CA 
C 













17'> RFAD( 1,1(\1)) OL,1iu,or,wn,N 
AO = 3.1 1,12*0fl*OD/4.0 
If(!JD.dl,0.) GO TO 56 
PE AO ( 1, l O 1) ( T IT LE ( I I , I= 1 , ?. fl) 
WR I l E ( 6 , 1 04 ) ( T I TL E I I I , I = l , 7 0 I 
RE AD ( 1 , l 07) ( SM ( I l I I =l , 3 l , (SP ( I ) , I= 1 , 3) , (TS ( I ) , l = l, 3) ,'( TC ( I ) , I= l , 31 
WR! T[ ( 6, l 08 l ( SM( I I , I= l 1 3) 1 (SP ( I I , I= l , 3 l 
WRITE{6 1 60l) (TS(Il,I=l,3),(TC(ll,1=1,31 
1,iRllt(6,1C15) tlL,/\0 
11RITE(6 1 602l· DP 




lf(J.NE.ll GO TO 6 
WRITE(6,97J 
t CONT! NUE 
131 P.f.AOll,lOQ) Wl,li2 1 iB,W4,W5,W6 
MCl = (Wl-W3)/(W3-Wll 
ML2 = (W5-W6)/(W6-W4l 
WRITE(6 1 110l NC1 1 MC2 
~D • 3.ROZ*WD/5.317 
DO=MO/(l.+ • 5*(MLl+MC211 
WR! TE(6,111) DD 
VR = 158.50/DD-1. 
SR=lnO.o•tMn•ll,+VR)/(62,4*VAl)-254,0/VR 
WPITE(6,112l SR 
WRJTE(6 1 ll3J VR 
REAO(l,109) w1,we;w9,Wl0,Wll,Wl2,W13,Wl4,Wl5 
ML( 3) =( \,fJ··W9) /(Wl-!H) 
ML(4)=(Wll-W121/IW12-WlOl 
MC(5l=IW14-Wl5l/(W15-Wl31 
· ,iR l TE ( 6, 114) "1C (3 ) , MC ( 4 l , MC ( 5 I 
TO CALCULATE THE FINAL VOID RATIO THE,AVERAGE Of THE TWO SMALLEST FINAL 









A CORRECTION IS MADE TO THE INITIAL AREA OF THE SAMPLE TO ALLOW FOR TI1E 








'27 Will TE (6,200 I 
WR! TE (6,201 l 
THE MEASURlO VALUE~ FOR EACH EXPERIMENlAL POINT ARE READ AND THE 
REQUIRED PARAM~TERS CALCULATED AND P~INTED 
. 005 5 



































































?_1, "-~AP!l,102) ro,TH,T"11TP,Y1P1B,FT,EB 
T = fP/1,(l.+P1+1iO,*TH+l440,*TO 
IF(T,MF.0,0.) Gn TO 615 
DO 19 I,<.=K,5S 
WR I TE ( 6, 11 7) 
l 'l cmn1 NUf: 
GO TO l 7'i 








Sll =f T-El\ 




















IF(K4,Nl'.9) c;lJ TO 26 
K=l 
WRl TE !61619) 
WRITE!6,20ll 
GO TO Z6 
97 F-ORMAT( Hi+tlOX,'NOTES' l 





104 FOkMAT( 1Hl,10X 1 20A4,//J 
105 FORMAT( lHO, 10X, 1 DRIGI NAL LENGTH ',f5,'3, 1 IN', '/X, 'ORIGINAL MEA', 
11X,F5,1,'5Q,IN,'I 
106 FORMAT!lH , 9X,FD,1,3X~F6,4,3X,F6,2,3X 1 f6,2,3X1F5,3,3X 1 F6,2,3X 
lf fo. 21 
107 rORMAT( It( 12, IX ,12, lX, I 2,2x} }· 
108 FORMAT( lHO,lOX,'SOIL MIXED' ,3(!3J 1 5X, 'SAMPLE PREPARED' ,3( 131) 
109 FORMAT(9G8,3) 
110 FORMAT(IHO,l!)X, 1 M01STURE cnNTENT OF CllMPACTEll SAMPLb',F7,4,4X, 
lF 7. 4} 
111 FciRMAT(lHO,lOX,'ORY DENSITY OF COMPACTED SAMPLE ',F6.2, 'L8/FT3 1 I 
112 FOPMAT(lHO,lOX,'OEGHFF OF SATURATION OF COMPACTED SAMPLF 1 1 F6,2, 
I' PER CFNT 1 ) 
113 FORMATllHO,lOX,'lNJTIAL VOID RATIO ',1X,F6,41 
114 FORMATIUIO,lOX,'FINAL MOISTURE CONTE~!T 1 ,F7,4,5X,F7,41 5X,Ft,4) 
115 fllRMAT(JH0 1 lOX 1 1 FINAL VOID RATIO i,F6,4,//} 
117 FORMAT(• • l 
200 FORMAT<lH 1 11X,'f!ME 1 6X,'AXIAL 1 ) 
201 Ff1RMATl1H ,10X,'ELAPSE0 1 ,5X,'DEF 1 ,7X,'0',8X,'P',7X,'N',5X, 1 S1GMA1' 
l,3X, 1 SlGMA3 1 ,/I 
601 FtlRMAT( 1110, lOX, 1 TEST STARHD' ,3 ( 13) ,3X, 1 TEST cnMPL FTE0', 3( I 3}} 
602 FORMAT( lH0 1 lOX,'CONSOLIDATION PRESSURE 1 ,F7,2 1 1 PS! 1 1 
605 FllRMATllP. ,• ') 
619 FlllH1AT(llll,lOX,1X,'TIME 1 1 1iX 1 1 AXIAL') 




CSR TfST 001 (0,C024!N/MINJ PAPALLEL 
'•·1 
CSR HST 00·1 I0,0024IN/P!NI PARALLEL 
S{I IL '·11 XEf' 20 H 68 SAMPLC PREPARED 21 8 68 SCI IL l·•I X(;D J" 8 '.'-.8 SMIPLC PRl:PAkEO 4 q '" 
HST SlA~TED 26 8 1,8 TEST COMPLETEP 26 8 68 TEST ST~RTtO 9 -I f.8 Tt:H CO:IPLETcD 12 9. '18 
llf/ JGINt-L 11:-l~GTH 1,5521N ORIGINAL AREA 1,752S0.IN, 11k IG l'!AL LfNGTH 2, 1711N ORIGINAL AREA ,·I, 7~75(), IN, 
CllNSOllllATIO~ P~ESSURE 10,00PSl CONSOL IDA TI Of: PRESSURE 10,00PSI, 
N(lll- s I Xl SAMPLE FRICTIOIILCSS ENDS, SIDE ORA! NS rmrrs 1 2XI SAMPLE FR IC Tl ONLE'SS ENDS,SIDE llRAINS 
·2 SIDE DRAINS cnNTINUOUS AT ENOS. CONS I OERABL E RESTRAINT 2 'WAD MEASUHO '•l Tit PROV! NG RI NG ( ILH l').0•10l: INCH.LS I 
' lflAO ~LASUREU WITH PROVING RING %ILHK0,0006IN< ) OEFORHA Tl UN MEASURED WI TH IJIAL GAUGE 
4 nfFUR ~A.TI m1 MEASURED WITH DIAL GAUGF. MOISTURE CntHfNT Of COMPACTED SAlinE O, 2639 0,263•) 
MC IS TUPE [ flNTENT OF CO~i'ACTED SAMPLE 0,255& 0, 25 56 un y DlilSITV OF COMP~CTEU SAMPLE 9.4. 24L6/FT3 
OKY llEtlSITY OF ~OM_P~CTEO SAMPLE 93,8•1LB/FT3 OE.GREE OF SATURATION.OF co:iPACTEU SAMPLE 98.32PE::-~ CE~T 
nrr.r. l-F OF SATUPATlllN OF LOHPACTEO SAMPLE 94, 15PfR CENT INITIAL vorn PATIO 0,6Jl~ 
' INITIAL VOID RATIO o. 6~96 FINAL MOISTURE (OM ff>fT 0,2587 o. 2595 0,2557 
FI MAL MOISTURE CONTFNT 0,2724 o. 2724 0,2724 FINAL VOID RATIO 0., ~532 
FINAL VDIQ PATIO o.~919 
TIME ,\XIAL 
EL AP SEO ~EF Q p •N SIGMA! SIGMA3 
1 ll\E AXIAL 
EL AP SE D UCF. Q p N SIGMA! SIGHA3 Oo o Oo0 ,0,0 10.00 0,0 10,00 10.00 
0,4 0,0003 0.19 9,97 0,019 10.10 q,q), 
o.o 0,0 o;o 10,00 0,0 10.00 10,00 1,0 0,0007 0,57 9,92 .0,058 10, 30 q,13 
1,9 0,0019 1. '•2 9, 39 o, I 51' 10, 34 0.n. L.5 0,0010 0,86 9.93 o.oa1 10.50 9,64 
2, 8 o. 0032 1,70 9. 13 o. 186 (0.26 8,56 
5 .I o, 0065 2,17 a. 38 0,259 9,83 7,66 2,0 0,0014 ,0,96, 9, 78' 0,098 . 10,42 9,46 
2,6 ,0,0017 1,34 9,64 0.139, 10. 53 9, 19 
7 ,4• 0,0097 2, 63 8,00 0,329 q.75 7,12 4,0 0.0022 3,44 9.80 0,351· 12.09 8,65 
9,9 0,0129 3,28 7,58 0,432 9, 77 6,49 5,5 0,0027 5,25 9, 77 0,537 13.27 e.02 
16,0 0,0195 7,90 8,04 , '0,982 1.3. 31 , 5,41 
21,4 0,0260 10,44 7,63 1.368 14.59 4, 15 
TIME AXIAL TIME AXIAL 
EL.AP SEO DEF Q p N SIGMA! SIGHA3 EL A~ SEil OEF Q p N S IGHAl SlGHA3 
27,9 ·, 0,0327 13,30 8,85 1.502 17 .72 4,42 6,9 0,0034 6,58 9.58 0,687 13. q7 7.39 
35.A 0,0426 18,43 lt,3'7 1,620 23,66 5,23 9,9 0,0051 8, 6 7 9,47 o. 915 15, 25 6,58 
44,0 0,0527 24,25 14·,3q 1,685 30,56 6,31 ·12. 6 o. 006B 10,37 9,59 1,081 16, 50. 6.13 
54, 1. 0,0629 31,10 18,21 I, 708 38,94 7,84 15,3 0, ?085 10.n q,50 1.149 16, 78 5,86 
64.4 0,0732 38,85 22,95 1,693 48,85 10,00 1 7, 8 0,0102 13.17 10,07 I, 308 18,85 5e68 
74,6 o, 0837 47;0\ 27,83 1,689 59, 17 12. 16 20. "• 0,0119 14,57 10,54 1,.383 20·.25 5,68 
~5.3 · o. 0942 55.49 32,82 1,691 . 1,9,81 14,32 2hl. 0,0136 15.96 11.00 1,451 21,64 5.68 
qn,.o o. 1049 63, 84 37.94 1,683 so.so 16,66 ,25,B 0,0153 17,35 11.46 I, 513 23,03 5,68 
l l'6,2 0, 11.57 7°1,28 1tl. 59. 1,714 89.11 17.83 28, 5 0,01 71 18.73 12, 10 1,547 24,59 5,86 
11.6, 1 0,1266 77,44 45,80 1,691 · 97 ,43 19,99 31, 3 O, 0188 20, IO 12.65 1.589 26. 05 5,95 
130,8 o. 1435 85, 85 5l•5·s 1,665 108,81 22,96 34, 0 0,0205 21, 38 13,35 I ,602 27,60 6,22 
138, 9 0,153-~ 89,85 54,26 1,1,56 U4.16 24, 31 36,6 Cl, 02 22 22. 75 13, 98 l. 627 29, 15 6,40 
147.6 0,1640 93, 32 56 •. 05 l .665 118.26 24.94 39. 3 0, 0240 24, 11 14, 53 1,660 30.60. 6, 1+9 
160,5 0,1871 100,45 61,48 1,634 128,45 28.00 42,2 0, 0257 25,47· 15,25 1,670 32.23 6,76 
169, l 0, 1990 102, 86 63,01 1,632 131, 58 28, 72 t,6. 0 0,0281 27.45 16, 27 I, 687 34,57 ·7, 12 
11!3, 8 o. 2207 105, 9\ 66,9q. 1,581 137,60 31,69 4 7, 8 0,0292 28,26 16. 72 1,690 3~ • 56 7,30 
184,0 0,2231 106,23 E;-7, 19 ' 1,581 1.38,0l 31, 78' 50, 5 0, 0109 29,69 17.47, 1,100 37, 26 7, 57 
192,q ot 2356 107,50 67,61 1,590 139,28 31, 78 53, 3 o·. 0327 31, 12 18,21 1,709, 38,96 7,84 
?03, 5 0,2524 109,11 68,87 l, 584 141,61 32. 50 Sf,, 2, 0,0344 32. "4 19,2) l,f.92 4C,92 ·R, 38 
219,9 .0,2783' 110,47 71,12 1,553 144, 77 34.30 63;9 0,0379 35,56 20, 77 1,712 44,48 8,92 
228,0 o. 2935 110,76 71,58 1.547 14°5,42 34.66 68, 3 0.0414 19,19 22,61 I, 733 48, 74· 9,55 
233,9 o. 3053 110.Hl 72,14 1.536 146,01 35,20 73, 2 o. 0'•50 41,51 24,0l l, 728 51,69 10. 18 
242,5 o. 3192 110, 66 73.89 1,498 147,66 37.00 78,7 0, L) 1tS~ 44, 37 25,87 I, 115 5~~. 45 11,00 
244,0 · o, 3003 0,33 22, 17 0.015 22,39 22.06 84,3 0,0521 47,47 27 • 53 1. 724 59, 18 11,71 
92, 7 o. 0!'-74 51,98 :10, 3C• I. 716 f,4,915 · 12.n 
1OO.q O, Oo28 56,26 32, gg l, 706 ·70,49 14. 23 
108,3 o·, 0602 60,66 35, 71 l ,699 76, 15 15, 49 
117, 4 o. 0737 64,92 38, 30 I .695 a1 ;50 16,6'6 
12 5, ~ o.o 792 69,12 41.14 1,680 tn,22 18,10 
133,6 0,0847 73.00 43,60 1,674 92,27 19, 27. 
143,3 0, 0902 76, 91 4&,Z6 1 • 663 97, 53 20,62 
153, 1 o. 0977 SI, 73 49,57 · 1,649 1 (l(tt06 22,:n 
160,5 0,,1033· 85,08 51,86 1,641 108,58 23,50 
167,0 · 0,1071 '87, 12 53,44 1,630 11\,52 24,40 
175,Z 0.112.a 90, 21 55, 32 l,616 '115,96 '25.75 
182,8 o. 1185 42, 84 57. 87 1,604 119, 76 ?.6,92 
F'6 
llfH AXIAL .1 TIME AX! AL 
EL Ar srn OfF ~ N SJGMAI S IGMA3 .EJ- AP SE fl ll[F () N SIGMA! SI GMA3 
190. 4 0, 1242 95 ,25 59. 75 1,594 123,25 28 ,DO 2 245. 6 0. ll 68 105,74 7) I QI) l , 1d10 14 l, 25 36, 01 
l 'J7 • g O. 1300 · 97, 45 61 • 1t 7 I. 585 126,44 28, 99 2 24 7, 6 0,3214 105,83 71,92 l,472 142; 4 7 36; 64 
205. 4 0,1359 99,53 63,16 I, 576 129, 51 29 ,98 7 250, 8 n. 3? 39 I 07. 19 73, O<J I, 46 7 14'1. 55 37,36 
2\?, 6 o. 14 \ 8 101. 2 1t 64. 63 1,567 132, \2 10,88 2253,7 o. 3264 I 08, 21 74.06 l ,461 l4b,20 37,99 
21 'J, 8 0,1477 l 02, 82 66,05 I, 557 134,60 3l, T8 2816,0 o. 330.7,· l 03. 63 72,53 1,429 14L.6i 37.99 
226, 9 O.! 5 3b 103,72 67, lb 1.544 136, 31 32, 59 3195. 0 0,3!10 103, 20 71, 1b 1,438 140,-56 ,-1. 36 
2j'~, 0 0, 1596 105,40 68,53 I, 538 138 • uo 33,40 3449.0 Q,3310 l 03, 07 72, OB l ,430 140.79 ', 37, 72 
241, 3 0,1657 I 06, 4 8 69, 70 I, 528 140,69 :Vt,21 3453.5 0.3315 1 09, 52 73 ,9,h 1,481 l't&,97 37,'45 
248, 6 0 .1718 I 07. 53 70,59 I, 523 142, ;>8 34,75 3 1t66. 0 0, 3't2 l 112, 19 12, 15 1,555 l 1th,94 34, 75 z•)t,, 8 o. 17 87 lOB,75 71,45 1.522 143.95 35, 20 3472, 5 o. 3469 115,05 80,21 1,434 156, 91 ',1, 86 
265, 5 0.1861 109,95 72, 75 1,511 146,05 16, 10 3 1t78. 5 0,3550 115, 11 80, 95 1,422 157, 69 ' 42, 58 
2 ,~. f, 0.1944 111, 29 73. 74 1. 509 147,93 36.64 3482,9 0,3597 115, 31 . 81, 29 l.419 158, 16 42,.85 
zu 'J, 4 (). 20L9 112,50 74,95 I.SOI 149, 95 37.45 3485,0 .0,3611 l 13, 23 80. 50 1,,07 155, 99 42, 76 
294, R 0,2113 113.57 75,94 1,496 151, 65 38,08 3495.3 0 • 3611 97 • 88 7't• as I, 308 140, 10 42,22 
304, I 0. 21 Y9 114,50 76,97 1,488 153. 30 38,BO 3511, o o. 3597 76, 32 67.03 I, 139 117, 91 41.59 
313. 4 0,2286 115, 36 77, 7_9 1,483 154, 70 39, 3't 3520,0 0,3587 63,98 t.;,l,Blt 1 ;o-,s 104,49 40,51 
' 322, 5 0,2374 .116, 17 78,60 1,478 l 5fr, 05 :\9,88 3 527, 6 0,3576 5,3 ,69 57 ,3) 0 ,937 93, 12 39,43 
3 l I, 7 o. 2463 116, 8'• 79,55 I, 469 157.44 40,60 3'534, 3 0,3566 38, 69 51.16 0,756 76, 95 38, 26 
341, l 0,2~52 117,51 80, 119 1,460 l 58, 83 41,32 3 537, _I o. 35 60 34, 10 119,00 O,>% · 71, 73 37. 63 
3~0. 9 o.Zl.ld lltl,12 81,05 :1,457 159,80 41, 68 3546,8 ,0,3545, 28, 99 45,31 0,640 64, 64 35,65 
3(10, 6 o. 2735 118,66 81.95 1.448 161,06 42,40 3 554, 5 0,3529 l9,83 40,0l 0.496 53,23 33..,40 
371, 4 0,2829 119, 13 82,65 1,441 162,07 42 ,94 3 560, 3 o. 3513 13. 118 36, 27 0,372 45,26 31. 78 
379, -J 0,2923 119,39 83. 28 1,434 162, 87 43,48 3565,1 0,3498 8,53 33,09 0,258 38,78 30, 25 
389, 5 0,3019 119,71 83, 92 I ,426 163, 73 44 ,02 35b9,0 0..348? 4, 87 .30, 52 O, 159 33, Ti 28,90 
3~8. 7, 0,3116 llq;76 84,39 1.419 l 64, 23 44, 4 7 3572. 3 0,346_6 2, 19 28,37 0•077 29,.83 27 ,64 
401,3 n. 3133 IIY,33 84,Z5 1,416 l 63, 80 44,47 3602,0 o. 3466 2,75 27,48 0, 100 '29. 31 26,56 
403,4 o. 3138 116, 09 82,81 L402 160, 20 44, 11 4292. 0 0, 34 65 ;3.'14 28,6 l 0.120 30,90 27,46 
40(,5 o. 3135 I 08,_05 79, 68 I, 356 151;·71 43,66 
415, 0 (), 3130 96, 75 75. 73 I, 278 140,23 43,48. 
424, 0 0,3126 U3,59 10.ao I, 181 1 26, 53 1tZ.94 
572,0 0,3124 83, 15 69,22 1,201 124,M 41, 50 
802,0 0,31,24 83,15 69.22 1.201 124.65 'tl • 50 
l 356, o 0,31?4 83, 22 69,42 I, 199 124,90 41, 68 
16s2. o 0,3124 83. 15 69,58 1.195 125,01 41,86 
2012; 0 Q,3124 81!1'> 69,94 1. 189 125, 37 42, 22 
20n. 3 o; 3123 ,69. 27 65,85 1,052 • l 12,03 42,76 
TlME AX! AL 
UAP SEO DEF Q N 5 I GM Al SIGMA3 
207tl,5 o. 3121 65,08 63. 73 1.021 107.12 42,04 
2031,4 o. 3116 46, 14 ss·.00 0,827 86, 56 40,42 
?01t?., 3 0,3111 39, 25 52, 24 0, 751 78. ,.-1 39, 16 
2045,6 0,3106 34,85 50,06 0,696 73,29 38,44 
2049. 4 0,3101 29,72 47, 27 0,629 67,08 37,36 
2052,0 o, 3096 26, ·44 45,36 o. 583 62,99 36, 55 
2054.3 o. 3091 23,48 43·,49 o, 540 , 59, 13 35,65 
?.O~lh. 4 (), 3086 ?0,72 42,02 0 ,493 55,U3 35,11 
L()"i8. 4 o. 3081 18,42 40, 71 0,452 52, 99 J ✓t,57 
2 060, 0 o. 3076 16.57 39,37 0,421 50,42 33,85 
20(, I, 5 0, 30 72 l'to 79 38,24 o. 387 48, 10 33, 31 
2063, l 0,3067 13. Ol 37,11 . 0, 351 45, 78 32, 77 
l064,2 o. 3062 12,42 36,46 o, 341 44.74 32,32 
! 0(,(,. 5 0.3052 9. 1 U 34,39 0, 267 40. 51 31,33 
2 068, U o. 3042 7,06 32,96 0, 214 37, 67 30,61 
? o ro. B o. 30 33 5. 11, 31. 't2 o. 163 34, BS 29, 7 l 
!012, 7 0, 3023 3 .41 30. l3 ·o. 113 32,40 28 ,99 
2074.3 0.3011 2.01 29,03 0,069 30, 37 28, 36 
?OBJ,O 0.3008 ;:' • 61 27, 97 0 • 093 29,H 27, 10 
2131, 0 o. 300s 2,95 27, 90 o. 106 29, 87 26.92 
2162,0 o. 3004 3,08 27,95 o .110 30,00 l.6,92 
2 l f,(,, 5 0. 3003 u;17 28, 38 0,288 33. 83 25,66 
2169,8 n.3013 12 ,98 28,64 0,453 37, 29 24,31 
?lD,I 0,3018 17,65 29,29 0, 602 41. 06 23,41 
/ 1 7H. 0 0.3028 24, l 7 30,75 o. 786 46, 86 22,69 
2185,8 0,3042 32,98 33,41 0 • 98-, 55 • ,,o 22,42 · 
21 'JO, 3 O. 30 54 39.90 36, 17 l, 103 62, 77 22, 87 
2196.B 0,3067 4~.19 39,83 1. 210 71,96 lJ. 77 
2 204. 4 0,3081 58, 16 44, l3 I, 312 83 • 10 24,94 
2211.3 o. 3096 69,67 49,96 1,394 96,41 26, 74 
2221,7 0,3111 80.3 1t 55,J2 1,452 108 ,88 28,54 
2 22<1. 0 o.312~ 89,52 60, IB I, 488 119,86 30, 34 
? 2Vt. 5 0, 3140 96, 02 63, 97 I, 501 127,98 31,96 
2238, 4 ll,3155 100,01 66,74 I, 499 133. 41· )3, 40 
'24 l, 3 o. 3165 102. 2 8 68,75 I, 488 136,94 34,66 
72i3.5 U, 316 7 103,83 69,99 1. 1t83 l 39, 21 35,38 
/:? 
CSR TE ST 004 I0,0024!N/~!Nl PARALLEL T !ME AXIAL 
EL AP SEO DH 0 p N SI <;MAI SIGMA3 
!sn IL 11 1 •• 0 o. 0463 6;09 22.20 0.275 26,?6 20. l 7 111 XLl1 10 ,1 68 SJ\MPLL Plff PARED 19 9 6H 117.~ 0.0452 3.1H 20, 40 0 0 )6h 72.65 19.21 
ITC ST 116. H O. 0441 o. 9) 19.12 0,O4U 19,73 LI}. 8? STAPH D 23 9 68 TlST COMPLETE[) 25 q 1,8 122. 0 O. 043 7 z. 1', 18, 20 0, I 5o 20 .·02 l I. 29 
r~IGINAL LENGTH 2,9711N ORIGINAL AREA l,757SQ,(N; 125,3 0,0452 19.86 20,40 Q,q?4 33, 64 13,78 
icu,,1soL !OAT( ON 
126, 5 0 • 046) 27,?3 22,50 l, 210 40, 65 13,42 
PRESSURE 10, OOPS! 128, 1 o. 04 74 34, 71 25, 17 I, 379 48, 31 13,60 
I 129, fi '0, 0484 41, 40 28, 12 1,472 s~.12 14, 32 
j:>.JriTt:= S 2XI SAMPLE FRICTIONLESS ENOS,SIDE ORA INS 
130. ,':I o. 0495 49, l l Jl • 32· 1 • ~)(> H 64,06 l't.9~ 
I !1/\ll lff A SURED WI TH L !ltd) SEAM IILB.=O,OOOOIIN,I 132. ,, o, 0506 ~7. 05 35,05 1 • 62.8 13 ,OB 16. 03 
133, 8 0,0517 63,44 38, I 7 1,662 eo. 46 17,0? 
3 lll:fflRMATION MEASURED WITH DIAL GAUGE 135 .• 2 0,0528 70. 1+4 41,58 1. f,94 88 • 54 I 8. IO 
1 OP PLATEN INCORRECTLY MOUNTED, SLIGHT TILT THROUGHOUT TEST•, 13b, 4 o. 0540 74,86 44, I 3 J.6% 94,04 19, 18 
13 7, 8 0,0551 79, 02 46,69 1,,692 9°,37 20,35 
STURf CllMTtNT OF CGMPACTED SAMPLE 0,2558 0,2608 l 39, I 0 • 05 62 82,39 ltB,89 t,'685 103,82 21. 4-:i, 
140, 4 0,0573 84.qa 50, 39 I, 687 107,04 22, 06 
f1(=1'JSITV OF C011PACTEC SAMPLE 94, 64LB/FT3 
142, 5 0,0591 BA. 78 53.09 1,672 112, ?8 23."i() 
DEGR Ef UF SATURATION OF· CnMri\l.:T[U SAMPLE 9•/,25PlcR CENT 144. ·, o. 0610 '92. • c:,7 55, 44 1,1,70 I 17, 15 2'•· 58 
14'), 0 0.0647 99, 20 59.72 l, 661 l ?5. 85 26. b~ 
INITIAL vr1 r n HATIO o, 6 748 153, 2 0,0684 101t. 50 63,28 I, 1,51 132,95 28. 1+5 
FINAL MO! STURE CONTEflT o. 1722 o,. 2349 0,2332 1,58,4 0,0721 110, 14 b6, 78 1,649 140, 21 30,07 
161, 5 0,0759 115,72 70, 35 1 ;645 147,50 3f, 78 
HNAL VOID RATIO 0,5149 164, 0 0, 07 97 120,88 73,69 1,640 154, 28 33,40 
170, 3 Q, 0834 126,74 77,36 1,638 161,85, 35,11 
T IMf AXIAL 174,4 0,0872 131.68 :l0,84 I, 1,28 168. 68 37, 00 
[ELAPSED orF Q N S IGMAI SIGMA3 178. il o. 0911 136, Bl il4,04 1. 628 175,25 38. 4 1t 
182, 9 o. 0949 141. 53 87, 15 l, h24 I 81, 50 39, 97 
o.o 0,0 o, 0 10.00 0,0 10.00 10.00 187,3 o. 0987 1'46 0 ftlt 'JO, 31 1,621 187, 94 41, SQ 
0,8 o. 0003 2 ,45 9, 92 o. 247 11. 55 9.10 
I, 2 0, 0007 2,31 10,23 0, 226 fl, 77 9,46 19 L, 7 0,1026 151, ,.,3 93, 7U t. 615 194,73 43,30 
2. 4 o. 0017 2, 7l 10,54 0, 257 12, 35 9,64 195, 9 0,1065 156, 36 97.04 1,611 201,28 44,92 
200, I 0, 1104 160,52 100,0B l, 604 207,06 46,54 
4,4 0,0035 3, 79 11,26 0, 337, 13,79 10,00 204,6 0,1092 87,9:i 74, 86 l ,17~ 133,48 45,55 
6,4 0, 0052 5. 14 12, 16 0,423 15, 59 10,45 
9.5 o. 0070 5,00 12,39 o. 403 15, 72 10, 72 207,5 0, 1080 64.76 65,07 0,995 ' 108,24 43, 48 
10,8 0.0087 6,47 12.52 0,517 16,83 10,36 209. o o. 1069 51 ,61 '18,70 0,879 93, 11 41, 50 
210, 6 0, 1057 38067 52,41 0, 138 78, 19 39. 52 
21 I. I 0, 1045 28,98 lt7o 20 0,614 66,.. 52 37. 5'• 
T !ME AXIAL 
SIGMA! 
T !ME AXIAL 
ELAPSED· DEF Q N SI GMA3 EL AP SFO DEF Q N S JGl•IAI SI GMA3 
12. 8 · o. 0105 10 ,63 12.37 o. 859 19,46 8, 83 212. 4 0, 1034 27.,i 31 1t3,18 0, 517 58,05 35 • 1 1t 
14. 8 0.0123 15, 71 12. 5 1t , I• 253 23,01 7,30 21't.8 0, 1022 16.60 39, 83 0,417 50,90 34,30 
17,0 0, OI 40 20, II l'toOO I ,436 27.41 7. 30 215, 0 0, I 010 12. <:;<J J7,2't ·o,·na 1t5 • 63 33,0 11 
I 9, 0 (). 015B 24,49 16. 09 1.522 32. 42 7,93 21 7, O o, 1006 12.35 35, 72 0,346 43,95 31. 60 
-21.3 o. 017'} 14. 82 13. 68 I, 083 23, 56 B, 11~ 253, o 0, l 002 12,36 ]5,09 0 • _:Vil 43,33 30, 97 
23, 5 0,0175 )8,97 17,40 1,090 30,05 11,08 339,0 O, I 002 15,54 35,25 0,441 45,61 30,07 
24, 5 0,016,8 11, 50 15, 63 0,735 23,30 11,80 415, o, 0, 1002 16,52 35, 85 O ,461 46, 86 30, 34 
25, 5 o. 0161 6,02 14,'62 0 ,412 18,63' 12, 61 418, 2 o·. 0999 6, 73 34, 29 o. 196 38, 78 32,05 
26, 3 0, 0154 3,6L 13, 81 0,262 16, 22 12,61 419. 4 0.0987 3, 31 31,89 o. 104 34, 10 30. 79 
27, 8 o. 01 1.·1 1, 2L 13, 28 0,091 l't.09 12,88 420,9 0.0975 0.116 29,91 0 • 0?9 3(' • 48 29. 62 
55, 0 o. 01 47 2,28 12 ,,56 o. 181 14.08 11, 80 44n. o 0,0972 4.1 7 28,6 7 0,ill-tf,, Jl,45 27, 28 
57,0 o. 01 '5 1, 11,78 I 3, 21 . 0,892 21,06 9,28 44J, 3 0.0975 14,23 J0,04 0,4/4 j9, 53 ZS, 3CI 
51. 9 0,0161 16,86 l't.16 1,174 25,60 8, 74 44 7, 1 '). 0987 30, 15 J2, 29 0 ,<) -~4 52 .19 22. 211 
59, 0 0,0168 21, 39 15,51 I, 379 29,77 8 ,38 449, 6 o. Qqq9 41, 00 35,46 1,156 62, 79 21, 79 , 
59, 9 0,01 75 25,38 16,84 1,507 33, 76 8, 38 450,0 0, 1010 50,.36 39,03 I, 290 72, 60 22, 24 
f.0,8 0, 01 B3 28,11 17, 95 I, 569 36, 73 8,56 452. 4 0.1022 61, 65 43, 78 I, 408 84, 88 23, 23 
61,7 o. 01 qo 30, 68 19, 24 1,595, 39,6q 9.01 453,2 0,1033 62, 06 45, 27 1,'371 86, 64 24,158 
62, 5 o. 0197 31,99 20, 12 1,590 41. 45 9,4f. 45,,. ;~ O. I O(t5 83, 04 53,43 1. 55 1t 108,79 25. 75 
63, 4 0.0204 33,83 21, 19 1,597 1t3 • 7 1t 9,91 456. 0, 0, 1057 91.51 50, 36 lo 607 120,70 27. l ' 1 
64.3 0.0211 35,, 14 21.89 I, 605 lt5 • 32 10, 18 45 7, 0 0.1068 1 04. HO 64, 10 l,fd~ I 33, 97 29, I ·1 
66.'4 fl. O? 29 38,93 7'• • 24 1,606 50. 19 11, 26 45tl. H 0.1080 114, Al 1,9, 17 L ,6'17 1 1t5 • 158 30. 97 
68, 6 0,0247 42,30 26, 17 I, 616 54,37 12,07 460, '; 0, 1092 124, 51 74,36 l .·674 157, 37 32, 86 
71,8 0, 02 82 48,36 30, 08 1,608 62, 32 13,96 46 I, 8 0,1104 131,85 78, 70 1,675 .16&,60 34, 75 
77, I 0,0318 53, 71 33,30 1,613 69, 11 15. 40 463, 2 0,1115 138,44 8Z, 52 1,678 174,81 36, 37 
d l. 3 0,0354 59. 28 36, 78 I, 612 ·76,30 17,02 464, 5 0, 1127 143, 69 85. 9t3 1.1,71 181.77' 38,0~ 
85, 7 0.0190 64,94 1t0. l l I. 619 83 ·'•0 18.46 407. ".5 o. 114.3 148.71 ;)9, 55 l • 66 l 168,70 , 3<J, <J7 
gq,8 o.o,,76 70, 42 1t3. 31 l, 624 90,32 1.9. 90 460.'i o. 1162 154, 05 'J3, 30 1, 6"i l l '16,00 41. 95 
94. 2 0.0 1.{d 75, 73 46. 58 I, 626 97. 07 21,34 4 70. 6 o. 1182 l 58, 26 96,41 1,641 201 .. '?2 4J, h6 
9d. 5 o. 0'• gq 81, 00 lt9,69 1,630 l 03. f:>9 22,69 4 1r;-.. n 0.122£ l 6~. h 7 l Ol ,94 1, /,25 ll2,39 l+f,, • 7 / 
102,S 0, 05 36 86, 35 52,91 I, 632 110,4B 24,13 480, 5 n, 1?61 171, 81 106, 15 1,619 210 • b9 4B .eA 
105, 8 O,Oo25 49,99 ltl, 96 1,191 75, 29 25. 30 483,9 0, 1301 176.71 110.12 1.605 2 27, 93 51.22 
107.? 0, 05 I 4 34, l B 15, 61 0,960 '58, 40 24,22 488,3 0, 1341 181, 19 113,51 1,5% 2 34. 30 53, l'I 
108, 9 0,0503 , 25, 31 31, 76 o. 797 48,63 23, 32 4q2. ~ 0,,1381 184,57 I 16, 52 I, 584 2 39, 57 55,00 
110, 4 n. 04 92 l7, 19 27, 97 0, 615 39,43 2-2. 2 1t 496. 9 0, 1422 188. :!5 119, 46 l • 576 244, 96 'it. 71 
111, 8 o. 0401 12,68 25.57 0,496 31,.02 21,34 50 l. 2 n .1462 191, f:ilt 122,18 1. '>60 l 1+9 • H7 5U.1:l 
112.8 o. 0'174 9, 5q 24. 00 0,399 30.19 20,80 ')06." o. 1503 194. ti 7 l 24, 75 1. 560 2 '.•4. 53 'i9,'IH-, 
FB 
TIME AXIAL TIME AXIAL 
LAP SEP. PEF Q p It SIGMAL SIGMA3 5_LAPSEO OFF Q N S IGI\Al SIGHA3 
509. 9 0.154ft 197.5? 127,23 l, 55? 250, 91 61.39 1390,0 o. 2455 .193·,47 130,47 1,483 2 59, 45 65,98 
513, 8 0.1585 199,77 129,24 1. 5't6 2 62. 42 62,65 1394. 3 o. 2502 194, 84 112.01 1,476 ?.61, qo 67,06 
51 a, a 0, 1627 202,20 13 l, 31 1,540 266, ll 63,91 13~8.4 0,2548 '195,-55 133,41 l,466 263,78 68, 23 
522,3 0.1668 204,93 133,66 I, 533 270,28 65,35 1402, 8 0,2595 196,'34 134,40 l,461 265,29 b8,95 
5Z6. ~ 0, l 710 207. ?9 135. 71 1.527 213,90 06,61 1407 .. 8 0,2581 102,90 101,00 1,019 169, 60 66,70 
5H.H 0.1697 110,63 10l .'t2 1,091 175, I 7 64,54 1410, I o. 2567 72, 37 88,21 0,820 l 36,46 64,09 
533, 6 0, 1685 83,44 89,38 0,933 145,01 6L,57 1411, 9 0,2553 53, 16 78,48 0,677 113,92 60, 76 
535,3 0,1672 63, 86 79,80 0,800 122,37 58,51 1413,6 0,2538 38, 55 71,, 18 0,542 96, 88 58, 33 
':,n.l o. 166() 161,03 109,31 1.473 216, 66 55, 63 1415.! 0, 2 524 28,05 65, 16 0,431 33, 86 55, 81 
538. ~ 0, 164-/ 37, 71 66, 13 0,570 91. 27 53,56 1416, 5 0,2511 20,06 60,34 0,3>2 73, 71 53. 65 
0 40,0 0, 163; 28, 78 60,63 0,475 79,82 51,04 1418,0' 0, 2497 13. 47 56,25 o. 239 65,23 51,76 
541,4 O, l622 20,96 55, 87 0,375 69,84 48,88 l.41-9, 4 o. 2483 7, 67 52. 52 0, 146 57 ,63 49,96 
5~2. 8 0,1610 l '5. 86 52,37 0,303 62.91t 47,08 1420, 8 . 0,2469' 3,58 49,H 0,072 52 .10 48,52 
544. l o .• 1597 I0,63 1t8. 82 0.218 55,91 45, 28 1422, 2 o.2455 0,72 47.50 0,015 1t7.98 47, 26 
54~. 3 0, 1585 ·1. 21 46, 33 o. 156 SL, 14 43,93 1423,4 0,2441 0,31 46,28 0,007 46,49 46, 18 
546, 8 0,1572 3, 78 43,84 0,086 46,36 42,58 1424, 5 o. 2427 o, 51 45,?7 ·0,011 45, 61 45_, IO 
547. 9 0.1560 I, 15 41.70 0.028 42 ,4 7 . 41,32 l 4l s. 9 0.2413 0,31 44,93 0.001 lt5. l4 44,83 
551. 5 0.1572 29.79 1t3. 15 0,690 63,01 33,22 14?7,0 o, i400 0, 31 1t4. 75 0,007 44,96 44,65 
553,2 0, 1585 45,20 46,67 0,969 76,80 31,60 l457, O o. 2400 0.21 44,00 0,005 44, 14 43,93 
554,7 0, 1597 57,47 50,76 l, l'.!.2 89,07 31,60 1569, 0 0, 24~0 0,10 43.69 0.002 '43,76 43,66 
557.fl 0.1&22 82.02 60. 74 - l .350 115.42 33,40 1.735. 0 o. 2400 0, 10 43, 78 0,002 43,85 43, 75 
559. 3 o. 1635 94, 86 66.'t6 1,427 129, 70. 34,84 
560,7 0,1647 I 07, 10 72,34 l ,481 143, 74 36,64 
562,4 0,1660 121,34 79,52 l, 526 160,41 39,07 
563.9 0, 1672 13'• • 07 85. 83 l, 562 175. 21 41,14 
565. 4 o·. 16as 145,62 91, 93 l ,584 189,01 43.39 
567,0 0, 1697 157,94 98,65 1,601 203,94 46,00 
·568,4 0,1710 166,26 103,49 1,607 214,33 48,07 
569,9 0,1722 l 73. 89 !OB, 10 l ,609 224,03 50, 14 
572,3 o. 1735 179.2, 112,05 l. 600 231. 54 52,30 
573,0 o. 1752 183, l't 115.33 1,588 237,42 54,28 
577,3 0.1794 189, 79 121, 14 I, 567· 247,67 57,88 
581. 6 o. 1837 193, 69 125. 05 1.549 254, 18 60,49 
585. 8 o. 18 79 '196,21 127. 69 1.537 2 58, 50 62,29 
589,9 . 0, I 922 ·197,81 129,49 1,528 . 261. 36 63,55 
594,0 0, 1965 I 98, 72 131,05 1,516 263, 53 64;e1 
TlHE AXIAL CSR TEST 005 I 0, 00241 NIH.IN I PARALLEL 
ELAPSED DEF Q p N S lGMAl SIGHA3 
598. 2 0,2009 201,35 113,0l 1,514 267.24 65.89 
602,4 0,2052 203, 06 134.57 I, 509 269,94 66,88 SO IL HI XED 24 9 68 SAMPLE PREPARED 26 9 68 
606,6 0,20,96 203, 87 135,83 1,50 l 271, 74 67,87 
607, 5 0,·2096 199,79 134, 74 I ,483 267,93 68,14 TEST STARTED, 30 9 68 TEST C9HPLETEO 31 9 68 
6 )9.0 0.2096 197 ,64 133, 48 1,481 265;24 6(,60 ORIGINAL LENGTH 1,5021N ORIGINAL AREA t.7~.8SQ.lN. 
6l't.fl o. ?096 195,49 . 132. 13 I ,479 262.46 66,97 
618, 3 o. 2096 194,41 131·, 41 l,479 261,02, 66,61 CUNSULIDATl()N PRESSURE 10, OOPSI 
1320, 0 0.2100 184,64 126, 27 1,462 249,36 64,72 
~OTES l Xl SA~PLE. NO SIDE ORAi NS 
1324. 'i 0.2096 \l lB.22 105.93 l. 116 104·, 74 66,52 
LOAO HEASURFD WI TH 1325,7 o. 20 83 82, 09 91,18 0.909 l46,44 63, 55 LOAD 8EM t!LB # 0:0000IIN< 
1328, 4 o. 2070 61, 57 81', 10 0,759 122, 15 60,58 
1330, 2 0,2056 44,18, 72, 34 0,61.l 101,79' 57,bl DEFORMATION MEASURED HITH .DIAL GAUGF. 
l 33 I. 8 0;2043 31. 70 65,39 ·0,485 86. 52 54.82 l1Cl!STURE C fl NTL NT OF C'OHPACTrn SAMPLE o:?558 0.2090 
1313,2 o. 2030 23,84 60,70 0.393 76.59 52,75 
.l 3Vtt 7 0,2017 16,06 55, 76 0,2R8 66,47 50,41 DRY UENSITY 0~ COMP.ACTED SAMPLE 94, 79I.O/FT3 
1336, I 0,2004 10,33 52, 14 O,l98 59,03 48, 70 
ornREE OF SATURATION OF COMPACTED SAHPLI: 97,64PER CENT 
133 7. 3 0.1991 6,21 49.06 0. 127 53.20 46,99 
1339, 7 0, I 978 1 .96 46,II 0.043 47,42 45,46 lN I TIAL VOID RATIO 0,6720 
134?., h 0.1991 38,88 1t8. 88 0, 795 74, 80 35,92 
1344, 3 o. 2004 54, 69 53,07 1,030 89,53 34,84 FINAL ·MOISTURE CflNTFNT 0,2652 0, 2608 0,2544 
l345. 1t o. 2011 68. 93 58.27 1,183 104,22' 35.29 FINAL VOIO RATIO Q:6544 
1347.5 0.2030 85. 72 64. 94 1.320 l2?,09 36.37 
l 3 1t9. 2 0 • 2043 100. 1t0 71,82 1. 398 138. 75 38.35 
1350,5' 0,2056 114, 82 78,42 1,464 154,97 40,15 T!Hf AXIAL 
EL APS<O DEF Q N S IGMAI SIGHA3 
l 3'52. 4 0,?.069 132. 1t2 87, 17 1,519 175.45 43,03 
1354.3 0,2083 148,67 95, 11 I. 563 194.22 l1'i 1 55 o. 0 o.o 0,0 10,00 o.o 10 ,00 .lll,00 
qsa.o o. 2096 161.53 102. 27 1. 579 209. 96 48.43 0, 5 0; 0007 2,17 10,09 0. 215 11,,54 '), 37 
1358, 5 0.2122 168,21r 108, 57 l, 550 220,76 52,48. l,3 o, 0020 2.1)4 8,88 0,230 10, 24 8,20 
2,6 0, 0040 f ,24 a. 10 0,752 12,46 6,22 
135(). S 0,2135 170.99 110, 20 I, 552 224,19 53, 20 
I 362. 3 0,2162 174.25 112. 99 I. 542 · 229, 16 54,91 4,3 0, 006 7 /, 24 7,73 0,936 12 ,56 5, 32 
I 3S4 • .l O. 21 Hit I 76. 73 l 15. 08 1.5% 232, 90 56, 17 6, 3 o. 0101 ll.73 ·/,69. J .136 [3.51 1+, 18 
1368, R 0,2229 18\,74 118,82 l, 530 239,98 58,24 8, 4 0, 0134 '), 71 7,66 I, 268 14, I 3 4 ,42 
10,9 o. 0168 10, 94 7,98 l, 371 15,27 4,33 
1373.? 0,2274 185,74 122. 22 1. 520 246. 05 60, 31, 
137 /, 3 0,2119 188, 73 124, /5 1. 513 250,57 61.84 
1381. 5 o. 2.364 18().69 l?.6. 'l 1 1. ,,99 ZS?, 97 6 3. 28 
1385,8 0,2410 191 ,45. 128, 63 1,488 256, 26 64,81 
pg 
TIME AXIAL T !ME AX! AL 
ELAPSED DEr {I N SIGM/11 SI GMA3 [LAP Sm DlF Q p N S !GMAI S!GMA3 
l 2, •; 0.020? 12,28 B, 42 ). 458 16. 61 4, 33 I go. 9 0,1321 65,81 41,39 I, 590 8~ • 26 19,45 14, 8 0,0192 1,89 6,44 0 • 60't 9.03 5,14 l9J. o 0, l J 59 '6 7 • 62 42,BO I, 5d0 H7.8B 20 • ?6 
15. Ci 0,0182 1,63 5 ,68 0,287 6, 77 s.1,. I 95, 2 0,1398 69,40 't4. 11 1,573 90, 38 20,98 
16, l O, 01 72 0,63 5,35 o. I l 7 5, 77 5,14 197,) O. l't37 71.M;i 45. l9 1. ~)66 92.76 21. /0 
l 7. o o. 0160 1, 01 ,,.94 0 ~ 20'• · 5. 61 , •• 60 lQ9. 4. Q.1 1,76 ' 12, •,y 46. 62 1, 5S7 ')'i,01 22,42 
22,0 0,0168 1,13 4. 98 0;227 s. 73 . 4,60 201,4 0,1515 74,10 47,84 1. 549 9'/. 2 1t /3.14 
25, O C. 0168 I. 13 ,,.98 0. 227 5, 73 ,,.60 20 l. 5 o. l 554 15,,,9 48.93 I, 543 99. 26 23, 77 
26, 7 0,0175 4,77 5. 29 0, 902 8 ,<,7 3,,70 205, 6 O. I 594 77, 07 50, 09 1,539 10 I ,47 24. ,,o 
27,8 0, 0189 8.41 6,50 1,293 12. 11 3. 70 207,7 o. 1633 rs. i:;z 51. II 1. '.)36 l 03 ,46 74, 9,, 
28, 5 o. 0202 10, 77 7, 56 I ,425 14, 74 3,97 211, 8 0, 1610 26, 07 3·1. 38 0,831. 48,76 22. 69 
29, 4 0,0216 11.63 7 • 94 1,466 15, 69 4,06 211,5 O, l 586 13 I fl8 24, BO o. ~60 31, ,05 20,17 
30. 7 0, 02 36 13, lf 8,61 I, 523 17, 35 4,24 215,0 o. 1562 7 ,66 20,38 o. 376 25, 49 17,83 
32, 8 0, 02 70 14 • 31 9.10 l,572 18, 64 41 33 216; 3 0, 1538 4,22 18,07 0 • 234 20, 88 16.66 
34. 8 0,0305 15,50 91 77 l, 587 20, 10 1t-60· 2i 1. 5 0,1514 1,41 15. 33 o:on 16,27 14,86 
36,8 o. 0339 16,92 10. 42 1,624 21, 70 1t, 78 220,0 0, 1510 2, 61 14. 74 0, 177 16 • 4B 13,07 
J8, 9 0.0374 Ill, 09 11,08 I. 633 23. 14 5,05 223. 0 o. 1510 2, 71 14,50 0, 187 16, 31 13,60 
41. I o. 0409 19. 87 ·12 .03 I, 651 25,28 5,41 228,0 0, 1510 3,15 14 ,65 0,215 16, 75 13 ,60 
1t3. 2 o. 0443 ·21. 63 12,89 l, 678 27, 31 5 ,68 263, 0 0.1510 .3. 4 7 14. 76 0, 2 35 17,07 13,60 
45, 3 o. 0478 23.38 13,92 L ,679 29, 51 6.13 265, 8 0,1514 11.12 15.71 0,746 23, 52 11,80 
1t 1. 5 0,0513 25, 11 14,77 I, 700 31.51 6,40 267, 5 o. 1538 22, ,,o 18.19 1,232 33, 12 10, 72 
lt9 1 8 o. 0503 10,56 10. 82 0,916 17. 86 7, 30 268, 9 0.1562 3"1, 51 21. 94 I, 436 1t2 ,95 ll,44 
50, 7 0,0492 7.11 9,24 0,176 14,02 6. 85 270,5 011585 1,2, ?8 27, 15 1. 557 55. 31t 13, {)/, 
52,0 0,04/1 3, 53 7,40 0,478 9,75 6, 22 272, I 0, 1609 53. 97 33, 57 I, 608 69,55 15,58 
52,9 0,04~7 l • 95 6,51 o. 300 7.81 5.86 273, 5 011633 61,84 38, 15 I, 612 7'J • 5U 17, / 1t 
)3, H o. 0443 1.10 5,87 0.187 6,60 5.50 275, 8 o. 1/, 73 69, 14 43.69 1,596 901 lU 20 ,,,,t 
54.6 0,0429 0,12 5, 36 0 ,023 5144 . 5, 32. 278,0 0, 1713 73.64 46,79 r. 574 95.88 22,24 
59, 0 0,0419 0.12 4, 73 0,026 4, Bl 4,69 280, I 0, 1153 76. 24 49,09 1. 553 99,92 23, 68 
98.5 0,0419 1,35 4,87 0,277 5,77 4,42 284,5 0, 1835 80,29 52,60 l, 5?6 106,13 25, B't 
99,9 0,0429 4,77 4, 93 o,968 8, 11 3,34 288, 8 0, 1916 133,00 5'•· 95 I, 511 II0,21J 27,lH 
101. J 0.0450 9, 16 6. 30 l, 453 12; 41 3, 25 291, 0 0, 1999 85. 22 56,95 1,496 113,76 28, 54 
102,6 0,01t7l 12,06 ,7 ,5 1t 1,600 15,58 3. 52 297,2 o·. 2082 87, 06 58.64 1. 1tfl5 116,68 29.6? 
104. 0 o. 0492 16,66 9. 88 1,685 20.qq 4,33 301, 2 0,2167 89, 04 · 60,38 I, 475 119, 74 30. 70 
105,3 0, 0513 19,41 11, 34 I, 712 24.28 4,87 305,4 0. 22 52 90, 45 61, 93 i ,460' ·122,23 31, 7H 
I 06, 7 0,0534 23,00 13, 08 1,759 28. 111 5,41 309, 6 o. 2338 91, 60 63,21 1. 4lt9 124 •. 28 32,68 
108,0 b., 0556 24,88 14,42 I, 725 31, 01 6, 13 313, 6 0, 2426 92,78 64, 51 1,438 1 ?.t., 3& ]3. 5f) 
109, 8 o. 05 84 26,97 15,4H 1,742 33·. 't6 . 6.49 317, 8 o. 7514 94, 19 65.79 1,432 128,58 34, 39 
TIME AXIAL T IMl AXIAL 
ELAPSED DEF Q N SIGMAl S IGMA3 CLAP SEO Off Q N S IGMAl SI GMA3 
ti 1, 8 0,06)9 29,27 l 7,06 1,716 36,57 7, 30 322, I o. 2603 95 • .51 66,86 I, 429 1°10 • 55 _,s.oz 
ll4,0 0,0655 31, 43 18, 32 1,716 39,27 7, 84 326,4 o. 2693 96. 51 68,09 1,417 . 132, 43 35,92 
116, 1 o. 0691 33,80 19,65 1,721 42, 18 8, 38 330,4 0., 2 I 85 '}1. ?. 1t 68, 87 I, 412 l T3. 70 16. 1,6 
118,3 0,0727 36, 16 21;24 I, 702 45, 35 9. 19 335, 8 o. 2877 98,08 69, 87 1,404 135, 26 37,18 
120. 4 o. 0763 38,03 22,59 I, 684 1,7.<Jlt 9,91 339. 0 0,2971 98. 9') 70, '17 I, 304 136. 9 11 37 o9'J 
122,5 n. 0799 40, 12 23,91 1,678 so. 66 10,54 343, 2 o. 3066 100, 00 71, 86 1,392 138. 53 38,53 
124, 6 .o. 0835 42,07 25,19 1,670 53.24 11, 17 34 7, 4 o. 3163 100. 1,5 72."4 I, 383 139, 61 39.16 
126,8 0.0872 44,·oo 26,38 1. 668 · 55, 71 1·1.11 '121. 0 0;3182 90,57 66,47 1,363 126,85 36, 28 
128, 8 o. 0908 .45, 80 27,70 I, 6_54 58, 23 12,43 611, 0 0, 3182 89, 09 65, 44 I, 361 124, 83 35, 74 
131,0 o. 09',5 , 48.28 29,24 1,.651 61. 1t3 13, 15 619.9 o. 3163 25,lH 43o 1tl 0,500 60 • 20 15, 02 
133, I 0,0982 50,,16 30,59 I, 640 64,03 13, 87 621, 3 0,3143 18,59 38,52 o • .1.a3 ~•o ,91 JZ, l? 
135, 3 0.1019 52 .48 32, 17 l.631 67. 16 l't. 68 622. 3 o. 1124 11, 70 26. 26 o. 449 34, 11 22,33 
13 7, It 0, 10 56 54,44 33, 55 1. 623 69. 84 15,40 623. 3 o. 3104 6, 35 31.02 0, 205 35,25 28,90 
140, 0 0, I 056 31, 79 . 26, 63 l, 19 1t 47,02 16,03 624, 3 0 ..l085 3. 09 28. ,,9 0, 109 10 • 55 27, 116 
l 't l ~ 6 0,1034 16.62 20, 22 0,822 31, 30 14,68 625,2 o. 3065 0,71 26. 62 0, 027 27 ,09 26,38 
l't3,l o, 101.1 8, 96 15, 69 o.571 21. 66 12. 70 633, 0 0, 30 56 2, 22 24,51 a.on 2~,, 99 ?3,11 
1'•4• o o. 0996 6, 10 13, 83 0. 441 17 ,90 11,80 1293,0 0,3056 s. 06 25. 1t6 O,'l99 ?H,83 23, 77 
145, 0 0,0982 3,92 12,57 0,312 15 • 18 11,26 
11,5, B o. 096 7 2.43 11, 89 O. 20', 13, 'H 11, 08 
147,0 0,0.952 l • 04 9,99 0.10 1, 10, t,8 9,64 
155,0 o. 0949 2.ss 9,23 0,276 10,93 8. 38 
159, 0 o. 0949 2. 78 9,31 0, 298 11,16 8, 38 
163, 0 0,09 1t9 2. 78 <J, 31 0, 298 11. 16 8,38 
168,0 0, 0949 2.1a 9. 31 0, 298 11,16 8, 38 
169. 5 0.0959 10. 06 10, II · O ,995 16, 82 6,76 
171,0 0.09!31 16. 95 12,23 l. 386 23. 'i3 6. 58 
17 2, 4 0, 100't 24.39 15,4l 1,581 31. 69 7, 30 
I 13, 9 n.10J6 11, 13 19, 72 I .629 41, 14 9,01 
174, 3 o. 1048 39, 72 23,60 1. 683 50, 08 10, 36 
117,7 o.·1036 48.10 28,55 I, 685 60,62 12,52 
119, 0 o. 1108 51,50 31, 11. 1,655 65, 46 13,96 
ll30. J O. 1111 53, 'i3 )2, 7'1 I, 632 68. ,,a 111. 95 
ll\2,5 ·o.tt6s SB, 83 15. 55 1. 655 74, 77 15,94 
184, 7 0, 1206 59,59 36, 79 1.020 76. 52 16.93 
·I 86, 7 o·. 1244 61. 58 38, 36 I, 605 7·9, 41 17,83 
urn.,, Q, 12 82: 61. 65 J<J, 6B L .60lt 82.11 IB,46 
FIO 
CSR TE ST 006 I0,000241N/MJN) PARALLEL THIE AXIAL 
.f!-APSEll OE F Q N S ICMAI SIGMA l 
3065,, 2 0 ,0872 39,d9 22,76 I, 753 49,35 9,46 
sn 1 L MIXL11 25 9 6B SAIIPLE PREP'ARED 2 11) 6B 106 7, 2 o, 0908 42,?.b 24, 45 l, 729 5?.62 10. _l(, 
3069, 1• 0, 0943 44,50 25,91 1.11, ~)5 1 58 II.OR 
TE ST STARTED 10 6B TEST COMPLETED 8 10 68 ·3073, 8 0, 1014 .48, 57 28, 71 1,692 61 ,09 12,52 
ORIGINAL LENG TH i. 55 I IN 0/U GI NAI. ARFA 1,7fiOSQ,IN. 3078, l o. 1086 52. '>H JL, 31 l, 679 &6, 36 13. 7h 
3082,3 0.1158 56, ~6 34,00 1.649 7l ,37 15,31 
CLINSOLI~ATJON PRESSURE 10,00PSI 3086,7 0,1231 59, 70 36, 38 1,641 76. 18 16.48 
"3090.H 0, D04 63,21> rn. 92 I, 6?6 O 1. 09 17. Ai 
NOTES I XI SAMPLE FRICTIONLESS ENDS, SIDE DRAINS 
3095, l o, 1378 66,blt 41. 30 1,613 85. 73 19,09 
OEFOR/1ATl UN MEASUREO WI TH UIAL GAUGE J099. 1t 0, 14 53 69. 95 1t3, 6 7 1,602 90,30 20. 3', 
Jl04,0 o. 1535 73,44 46,09 l 1 593 95,05 21.&l 
FINAL SHAPE OF SAMPLE TAPERED, HORE EXPANSION AT TOP 3107,8 0, 1604 75.82 48, 05 , 1,578 98,60 22, 78 
MOISTURE CONTl NT OF COMP AC-TED SAMPLE 0,2571 O .254 6 3111,9 0, 1680 78. 1t9 50. 20 1,563 102,53 24 .o,, 
3115.9 0,1758 81, 30 52,40 I, 552 I 06, 60 25,30 
OHY DENSITY OF CO/IPACTED SAMPLE 94, 99L8/FT3 3120,5 0, 1836 33,72· 54, 38 I, 540 110.19 26,47 
3124,0 0, 1915 85 ,6 7 '>6. 02 1.52'! lll,13 27. 1,(, 
DEGREE OF SA TU~A Tl ON OF COMPACTED SAMPLE. 97,20PER CENT 
Jl28,8 o. 1994 87, 56 57,73 1,517 116, 10 28, 54 
INITIAL VOID "AT!O o. 6687 313 3. 0 o. 2075 88,90 59,28 1. 501 llB,60 29,62 
_H37, 3 o. 2156 90. 75 60,95" 1,409 121 ,45 30. 70 
Fl NAL MOISTURE C_ONTENT 0,2701 0,2646 0 ,297 2 3141,6 0,2238 91,86 62,31 1,474 123, 55 31,69 
Fl NAL VOID RAT 10 0,6791 l 145, 7 o. 2 i21 92,91 63, 56 1,462 _12°,. 50 32.59 
3149, 8 0,2404 q4,01 64,83 1,450 127, 50 33 .,,9 
3163,7 0,2413 86,43 60,77 1,422 118, 39 31,96 
T !ME AXIAL 3166, l o. 7_1,47 95, 20 65,22 1,460 l2U,69 33.,,9 
ELAPSED DEF Q p N .SI GMAI SI GMA3 
3168,3 o. 2489 95,52 65,96 1,448 129. 64 34, 12 
0,0 o.o o.o 10.00 o.o 10.00 10,00 3172, ,, o, 2575 96, 30 66,85 1,441 131,05 34, 75 
0,1 o. 0006 1.1 1, 9,57 O, ll9 10, 33 9,19 3 176. ,, 0,2662 96,8') 6 7, 84 1,420 132,41 35. 56 
1,1 o. 0013 I, Ol 9, 35 0, IDB 10,02 9,01 3180,6 0,2749 97, BO 68,79 l., 422 133.99 36, 19 
I, 5 0,0019 I, 26 9, 16 0, 138 10, 00 8,74 
3184,9 0,2030 98, 77 69,92 1,413 l3S, 77 37 .oo 
2, 3 0,0032 2, 21 o. 82 D, 257 ,10, 33 8,07 3189, 1 0,2928 99,59 I0.56 l, 411 136,95 37.36 
3·, 3 0, 00'~B · 2, 14 8,37 0,255 9,80 7,66 3193,2 o. 3019 100. 07 71,44 1,401 138,15 30 ,oe· 
4.4 o. 0065 2,76 8, 09 o. 341 9,93 1, 11 3251, "I 0, J033 89, ,,9 65,39 I, 369 125 ,05 35,56 
6,3 0, 0097 2,63 7,. 95 0,330 9,70 7 ;oa 
4213, 7 o, 3037 84, 77 62,65 I, 353 119, 16 34, 39 
4217,6 0,3065 103, 11· 70,13 1,471. 138,91 35, 74 
4 218, 6 O, 3112 l 03, 1,4 70,76 1,462 139, 72 36. 2tl 
4222,7 o. 3205 103,49 71, 86 1,440 '140, 85 37, 16 
TIME AXIAL TIME AXIAL 
-E~APSEO OEF Q N SIGMA! S IGMA3 EL AP SEO DEF .Q N SIGMA! S!GMA3 
8,4, o. 0129 2,99 7, 58 o. 395 9,57 6,58 4227.o o. 3300 l 03. 83 72, 69 I, 420 1 1-tl I 91 38.0H 
10,6 0,0162 6, 65 7,00 0,950 11,43 4, 78 4230,2 o, 3396 103 ,'93 73,44 1,415 142, 73 38,80 
12, 8 o. 0195 8,42 7 ,09 I, 187 12, 71 4,29 1t233. 1t 0, 34 44 I 03. 99 73.64 I, 412 l tt/. 97 38. 9A 
14,9 0,0227 9, 87 7. 26 1,360 13,04· 3,97 4240,2 o. 3 11 54 95.40 69, 70 1,369 113, 30 37, 90 
4257,7 ' 11,0 0,0260 11,07 7, 48 1. 480 14, 86 3, 79 o.3454 93.50 68,35 1, 36'8 130,68 37,18 
19.1 0,0293 12. 50 1, 87 1,589 16, 20 3, 70 1t7.7l. 7 0,3454 92,92 6 l .97 l, 36"/ 129.92 37. 00 
21,2 0,0327 13,81 8,30 l,663 17, 51 3_, 70 4278, 7 o. 34 54 92. 59 67,86 1 ~ 36 1t 129,59 37,00 
23, 3 o·. 0360 14, 98 8, 78 1,705' 18,77 3, 79 4280,9 0,3444 55, 31 56, 34 0,982 93,21 31,90 
2 s. 4 0,0393 1.6, 26 9,10 l, 748 20.14 3, 80 '4282,0 0, 34 35 39, 4 7 1,9.17 0,801 f!)o-48 36,01 
27, 5 0,'0427 17,65 10,03 I, 759 21,80 4, 15 4283,2 o. 3415 25, 95 42,59 o. 609 59.89 33,94 
29, 6 0,01,io 19, 28 10,85 1,777 23,70 4,42 4283, 9 o. 3405 l9, 49 39, l8 0,497 52, 17 32,68 
33. 9 O.O528 22, 9'7 ·12,80 l. 795 28. 11 5, l't 4 284, !i o. 3.195 15 .l 8 36, 84 0,412 1,6.96 31.1 ll 
38, I o. 0596 26, 25 14, 61 1,797 32, 11 5, 86 4285,4 o, 3376 l0,96 33, 99 o. 322 'tl.30 30, 34 
ft 2. 3 0.066'1 10.07 I6, 78 1.792 36. 83 6, 76 ,, 286, ~ o. 3157 5,07 30.68 o. 191 v,.59 28. 7 2 
47,5 Q, 0733 33,47 19,00 1,762 41, 31 7, 84 ,, 2f37, ,, ·0,3137 3, 11 28,68 0, 109 30. 75 27. 6 1, 
50,6 o. 0802 37 ,06 21, 27 1,742 45 t 98 8,92 4288,4 o. 3318 o. 42 26,88 0,016 27.16 26,74 
50, 8 O,OH02 29.97 20. 17. 1,486 40,15 10, 18 ,, 320, 7 o. 3315 3, UH 25,51 o ,·l '.l? ?8. 10 24,22 
53, 2 0,0788 16, 29 15, 52 1,049 26, 38 l0,09 - 4334,7 0,3315 4, 14 25,60 0, 162 28, 36 24,22 
s4, 2 o. 07 71, 10,60 12, 99 0,816 20. 06 9,46 
55. (, 0,0751, 5,37 10. 35 0 ,519 13.93 s. 56 
56. 4 0.0740 3,86 9, 22 0.419 11,79· 7,93 
57, 4 o.o 726 2,11 B. 36 0,252 q, 77 7,66 
59, 2 0,0726 3,05 7, 51 0,406 9,54 6,49 
62, 7 0, 0726 3, 16 7, 54 0,419 9,65 6,49 
n3,7 0,0726 3,20 7 • 1-tCJ 0,438 '}. 68 6,40 
153,7 0,0726 3,87 7,69 0, 503 10, 27 6,40 
2 785. 7 0,0726 2,69 8. 47 o. 318 10, 26 7.57 
3053,7 0, 0726 2,93 B. 55 0, 343 10. so 7, 57 
3 056, 2 0,0733 11.59 9, 27 l, 250 17100 5,41 
3057,2 0,01't7 I I, 06 II.OJ 1,550 22, 38 5.32 
3058, l o. 0760 20,54 12, 35 1.664 26,04 5.50 
3059, I o, 0774 25,40 14,51 1 ·, 751 31,44 6,04 
3059, 9 0 • 07 88 29, 32 16. 53 l, 773 36.08 6,76 
3060,9 0,0802 32 ,29 17, 88 l ,806 39,41 7, 12 
3061,8 0.0816 35,26 19, 59 I ,BOO 43;10 7,84 
3063.1 0, Ott3 7 37 .26 20,98 I, 776 45, 82 8, 56 
Fl{ 
CSR TEST 007 I 0,000241 N/~11 NI PARALLEL (IM[ AX! AL 
H APSED Of r 'l S ll,11Al SW1A3 
I 
l 371,, 2 O. l!lH:) t9, 21 14, 96 0,616 21. 10 l 1, 89 
SO IL HJ xrn 25 9 68 SAMPLE PREPAREO 9 10 68 1381,0 0, 1073 7,51 13, 76 0 • 51t6 lt1, 77 ll.26 
1385, 7 o. 1065 th 15 12,95 0,475 17 ,05 10, 90 
HST STARTED 14 10 68 TEST COMPLETED 11, 10 68 1390. l 0.10')8, It 0 90 12.17 0, 1,03 1,,. 44 10.54 
OHIGIM/<.L LENGTH 1,570\N ORIGINAL AREA l.766SQ,IN. 1394. 9 0, 1051 3,88 l l ,47 a. 338 11,. 06 10. 18 
139q, It 0,1044 2,97 10,99 0,270 12 .97 10.00 
(flNSOL lflATIDN PRESSURE 10,00PSI l 403. 0 0.1037 2, 51 10, 57 0,238 12,24 q, 73 
1407, 5 0.1010 ?.06 •'J.97 a. 201 11.34 9. 28 
, NflTE S TOP ENO, ONE Pl ECE OF RUBBER, BOTTOM mo, mo PIECES, 
1411.9 0,1023 l. 3 7 9, 56 o. 144 10. 47 9. 10 
2 SL! P PLANES FIRST NQTJCEO AT AXIAL DEF, OF 0, 140 1416, 2 o, 1015 0,69 8.97 0 • 0.,7 ') .,,3 11. 74 
I 
l 421, l a, 1008 0,23 8, 64 0,027 8,79 R, 56 
UNI FORM OEFORMlD SHAPE TO DEF, nr-: 0, 105, THEN BASE EXPANDED l 510, 2 U,[008 l,83 8.63 0.212 9. 85 8,02 
4 OffORMATI ON HEASUR!cU WI TH DIAL GAUGE 152 l, 1l 0.1008 5, 73 8. 85 0.648 12. 67 6.94 
1528, 6 0.1015 "· 70 9. 21 0.'J/+5 15.01 6. 31 
M[l l STlWt CONTENT OF COMPACTFll SAM PU, 0, 2617 0,2566 1533, 6 0,1023 11,22 9. 87 1.136 17, 35 6, l 3 
1 53H. 3 o. 1030 13.38 l0,68 1. 253 lg,60 l, • 22 
DR V OFNS!TY OF COMPACTED SAMPLE 94, 7PL8/FT3 
1543. 1 Q, 1037 15,31 11.32 1,352 21,53 6, 22 
DEGREE OF SATURATION OF COMPACTED SAMPLE n ,93PER CENT 1549, 1 O. l0 1t4 18, 38 12, 62 1. ,,57 24. 87 6. 49 
l 553, 9 0, 1051 20,53 13,60 1,509 27, 29 6, 7/, 
· INITIAL VO Jn RATIO 0, 6 723, 1558, 6 ('.1058 22.80 l 1to 54 1. 568 29.74 6,94 
FINAL f1nl STl!RE CONHNT 0,2504 0.2621 0 ~ 26 7 '> 1563. 3 0.1065 25, 29 15, 73 1,608 32, i:;9 7, 30 
1568. 1 o. 1073 27. 77 1&,92 l .61t2 35.43 7. 66 
Fl NAL VOIO RATIO 0.6509 l 57 2, 9 0,1080 30,25 18,10 1,671 38, 27 8, 02 
1577. 8 0, 1087 33.06 19.40 1. 704 41 '.44 U .,38 
TIME AXIAL 1582.5 0.10% 3~.88 20,88 1,718 44, 80 s. 92 
EL AP SE_D DEF Q p N SlGMAl SIGMA3 1587. 3 0, 1101 311.46 22.19 1. 733 47.83 'I. 37 
1592, 0 o. 1108 41,03 23, 59 . l, ?40 50, 94 9,91 
0, O a.a o.o 10. 00 o,o 10,.00 10.00 1596. 9 0.1116 43.60 24. 89 1.752 53. 96 10. 36 
3, '• 0,0006 o. 38 10,04 0,038· 10, 29 9, 91 
7,8 o.oou l,15 9.66 0, 119 10.43 9. 20· 1601. 7 a. 1123 45, 95 26,22 1,753 56,85 10,90 
21. 3 0,0032 3,05 8, 95 0,31tl 10, 90 7,93 1607. 2 o.1no 48, 40 27,48 1,761 59. 75 11.35 
1611,0 0,1.137 49, 37 28, 35 1,742 61, 26 11,89 
42. 7, 0 • 0064 7,35 7. 59 o. 968 12. 49 5, 14 1615.7 o. 1144 so. 57 29, 1 L 1:n1 62. 82 12.25 
65,9 0,0100 9,09 7,27 I, 250 13,33 4,24 
83. 7 o. 01·29 10,32 7. 32 1,410 14. 20 3,88 1620, l 0 .1152 51, 77 29,96 1,728 64, 47 12,70 
103, 9 0,0161 11, 79 7,63 1,545 15,49 ' 3, 70 1633, 7 0.1173 . 54. 57 31.97 1. 707 6H. 35 13. 78 
1641, 9 0, 1188 55,83 32, 75 1,705 69,97 14, 14 
1650.8 0, 12.02 57; 09 33. 62 1. 698 71. 68 14, 59 
T"IME AXIAL TIME AXIAL 
El APSHl OEf- Q p N S IGMAl S IGMA3 ELAPScO Dff Q N SJGMAl SI GMA3 
12 5. 3 o. 0193 13,38 0. 16 1,640 17, OB 3. 70 1659,9 0,1217 58,33 34.48 1,692 73, 37 15,04 
146. 6 0,0226 l4,H3 8,64 1,716 18.53 3. 70 1661,. 4 0, 1224 58.96 35.05 1,682 74.36 15. 40 
169, 7 0,0261 16,89 9, 51 l, 776 , 20, 76 3,88 1674, 4 0,1242 59, 84 35, 62 1,680 1,. 51 l ~> • 6 7 
189. 1 0. 02 92 18. l <J 10.21 1,781 22,34 4e !5 1685.9 0, 1261 61. 27 36,63 1,673 77,48 16, 21 
210. 5 0.0326 19,86 11. 04 1,799 2'•· 28 4. 42 I 695, 7 0,1279 62,04 37,34 1,661 78,70 16,66 
231, l 0,0358 21.63 12. 08 l, 791 26. 50 4,BJ 1706.9 0,1297 6:l. 24 38,0l I, 664 80. 17 16. 93 
252,3 o. 0391 23,52 12, 98 1,812 . 2:8,66 5,14 1728, 1 a. 1334 6lt,96 39,39 l,fA9 82,70 1 L 7 1t 
273. 3 o. 0424 25.39 14, 05 1,807 30.98 5. 59 1 749, 8 0, 1371 66. 44 40,61 1,636 84,90 18,46 
N4,9 o. 04'59 27. 25 15, 12· 1,802, 33,29 6,04 1779,8 0,1423 68,78 42,11 1,633 87, 96 19, 18 
1rs. 9 o. 0492 28,97 16. 06 1,804 35 .37 6,40 l 826, 2 0,1488 71. 07 44.04 l, fJ14 91. 42 20. 35 
343, 2 0,0535 31, 37 17,67 l, 776 ,e,58 7, 21 1846, 3 0,1540 73, 12 45,35 1. 612 94 .10 20. 98 
351, ll 0.0558 32 .'18 18.47 1,785 40 • 1,6 7 .,,a l 856, 1 0, 1558 73, 83 45,59 l, 619 94, Bl 20, qg 
377. 9 0, 0592 34.30 l 9;45 1,763 42,32 8,02 1876,9 0, 1596 75, 00 46. 79 1,603 96,79 21. 79 
400,2 0, 0626 36~~.i7 20,75 l, 762 45.13 8. 56 1912.3 0,166() 76 ,86 4fl,31 1,591 99,55 22, 69 
420,2 0, 0660 37, 74 21, 68 1,741 46, 84 9, 10 1921,2 0, 16 7'6 '77,47 48.60 l,"iq4 100. 25 27.78 
441. 3 o. 0695 39,62 22.HS 1,·73't 49.26 ,9,64 1 g44, 5 o. 1718 78,55 49, 50 1,587 101,87 23,32 
462, 0 0, 0729 41, 36 23,97 l, 726 51, 54 10,18 1963, 5 0, 17~2 79,70 so. 25 1. 586 103,38 2], 66 
489.7 0.0775 43 • 15 25, 1t8 l, 71 7 54. 65 10 ,90 l 988,2 O', 1798 80. 71 51.21 1; 576 105,02 24, 31 
506, 3 0, 0802 44,9I 26,23 I, 712 56, 17 11,26 Z_Off<;,q o. 18 30 81. 66 5].98 1. ') 7l 101-,. 42 2 1,. 76 
?25. J 0,0BD 46,39 27,26 I, 702 58. I 9 11.80 2024,B 0, 1866 82,54 52 • 63 l, 568 107, 6.6 25, 12 
548, 8 o. 0871 48,41 28, 48 1,700 60, 75 12, 34 2048,2 0, 1910 83, 43 53,47 1,560 109,09 25. 66 
569.1 o. 0906 49,97 29,63 1. 607 62 .9't 12.97 !.067. 6 O. l 946 84.40 54. 15 1,558 110 ,42 26 ,02 
588, 9 0,0938 51,52 30,59 1,684 64, 94 13,42 2086,0 0,1981 8'.;, 05 51,. 73 l. 5,;4 111 • 43 26. 38 
/,10. Z o. 0973 53,.16 31. 77 1,673 67. 21 14,05 2114, 5 0, 2034 86, 01 55,50 1,550 112,84 26, 83 
634,5 0, 1012 5s, 11 32, 96 l, 672 69, 70 14, 59 2128,5 0, 20 64 8~, 40 ·55, 9q 1,543 11 --i". 59 21.19 
67 3. 13 o. 1079 58,00 35. 18 1, 6'tB 73.85 15,85 .-:' 15 1t. 7 . 0,2114 87. 26 %.73 1,518 114, 90. 27, b4 
700, l o. 1124 59,97 36,47 1,644 76,45 16,48 /175.1 ll • 21 ~:i3 BH.03 57. 34 1. ~ 15 111 .. 03 2H ,00 
I 128. 7 0, 1129 54,28 33.49 1. 621 69.68 15,40 2191, 8 o. 2186 88, 56 57, 79 .1, 532 116 • 81 28,27 
1338, 7 0, 1129 42.30 29,95 1,412 58,15 15, 85 2224,8 0,2251 89, 30 50, 67 1, )22 11 Ii. 20 213. 90 
ll41, 7 o. 1126 37 , 1t5 28. 24 t",326 53,21 15, 76 ?790. 7 o, 2261 84,25 54,82 1,537 110 ,99. 26, 74 
1344,4 0, 1123 33,27 26,49 1. 256 48,67 15, '•0 2796,B 0,2l68 90.88 58. 11 t. ~64 l lH. 70 ?7.82 
I .l50. / a. 1116 25, 60 23.21 1,103 40, 28 14,68 2818, 1 o. 2309 91, 28 59, 42 1,516 120, 27 28 .99 
1356,0 0, 1108 20,86 21, 09 0,989 35 ,OQ 14, 14 2839,6 0,2151, 91, 66 59 ,99 1.:--iZB 12 l. 10 29. 44 
l 362. l 0.1101 17, 4 7 , 19. 24 0,908 30, 89 13,42 2 860: ~ 0,2392 92,03 60,48 1,522 121,83 29, 80 
l 366, 8 0, 1094 13,'51 1 7, 38 o, 777 26, 19 12. 88 2 88 I, 8 o.2 1t34 9?. 30 61.02 1,513 12'. 55 30. 25 
1372. 4 a. 1os1 11,14 16,05 0,694 23,48 12, 34 29)9,6 0,2489 93,06 61,54 1,512 123,58 30 9 52 
T IHE AXIAi. 
EL AP SEO DEF Q p N S IGMAI SIGHA3 
2 93 7, 9 0,2547 93,39 62,01 1,506 124,27 30,88 
·2975.~ o. 2626 94, 19 62, 91 1,497 12 5, 70 31. 51 
3006, 4 0, 2691 94, 57 63,48 1,490 126, 53 31, 96 
.l039. s 0,2761 95, 14 64.03 l, 486 127,46 32,32 
J 069. 7 0,2823 95. ·10 6't.58 1,482 128 • 18 32,68 
3101,2 n. 2895 96,0l 65,22 1,472 129 ,23 33,22. 
JI 38, 9 o. 2976 96. /l 65,gl l , 1t67 l JO, 311 33,67 
3175,6 0, 3051 97,53 66,63 l, 464 131. 65 34.12 
3234, 6 0,3182 98, 30 67,43 1,458 132, 96 34,66 
3274. <J ~.3271 98,65 68,08 l ,4 1t9 133,85 35. 20 
CSR TEST 008 (0.000241N/MINI PARALLEL 
SOIL MIXED 25 9 68 SAMPLE PREPARED, 18 10 68 
TES.T STARTED 24 10 68 TEST COMPLETED 24 10 68 
ORIGINAL LENGTH 1,5741N ORIGINAL AREA l.764SQ,IN, 
CONSOLIOA·TIDN PRESSURE, 10,00PSI 
NOTES VERY UNIFORM DEFORMED SHAPE 
~• .SL!~ PLANES VISIBLE AT END· OF TEST 
DEFORMATI DN MEASURED Wl,TH DIAL GAUGE 
MOISTURE CONTENT OF COHPACT~D SAMPLE 0,2522 
DRY DENSITY OF COHPACTEO SAMPLE 95,23LB/FT3 
0 ,2602 
DEGREE OF SATURATION OF COMPACTEU S'AHPLE 97,97PtR CENT 
INITIAL VOID RATIO 0,6644 
FINAL HOISTUP.f CONTENT 0,2411 
FINAL VOID RATIO 0,6324 
TIME AXIAL 
0,2569 , 0,2569 
ELAPSED DEF Q N S IGMAI SIGHA3 
0,0 o.o o. 0 10.00 o.o 10.00 10.00 
4, 1 0,0006 0,51 9.90 0,052 10 • 21t 9, 73 
8,6 0,0013· 1, 02 9,62 .Q, 106 10,30 9. 28 
-17.0 0, 00 I 9 l.'tl 9. 48 o .1110 10 • 42 9,01 
17.4 o. 0026 1,79 9.43 0, 190 10, 62 8. 83 
20, 8 o. 0032 1,79 9,25 o. 193 10, 44 a. 65 n.o o. 0048 2,68 n. a2 o. 304 10,61 7, 93 
43,5 0,0064 3,95 a. 53 0,463 11.16 7, 21 
F/2 
TIME AXIAL 
EL AP SEO OEF Q N S IG11Al SI GMA3 
53,8 0,0080 · 6, 23 7, 85 o. 794 12 .oo 5, 77 
64,6 0,00% /. 49 7, 64 0,981 12,id 5. 14 
84, 9 0, 0129 8,89 7, 28 1,216 13, 19 '+, 3J 
105.6 0, 0161 9, 84 7, 1t3 1,324 13,<J') 4. 15 
126. 5 o. 0l 93 11, 31 7 • JI+ l, 461 15, 2U 3. 97 
147, 6 0,0226 12,53 8,15 I, 538 16, ~o 3 I 97 
166,0 0.0254 lJ, 87 8, 59 I, bl4 I 7, 84 3. 97 
188, 2 0,0290 15 .18 9.~o l, 632 19, 11? 4, 2'• 
210,8 0,0325 16, 99 1·0. 08 l, 685 21. 41 ,, , 42 
230. 0 0,0356 18,17 10,84 1,677 22, 95 4. 78 
253,0 0, 0391 20,20 ll, 78 l, 714 25,25 5 ,05. 
212;4 o. 0423 21 .61 12,61 I, 713 27,02 5. 41 
293,7 . o. 0456 23,49 L3,60 1;727 29, 26 5, 77 
314, 8 0,0490 25, ll 14, 50 1,732 31, 2 1t 6. lJ 
338, l 0,0527 27, 20 15,92 I, 709 34, 05 6,85 
359, 1 0,0559 29, 53 17,05, l, 732 36, 74 7. 21 
,3d7,4 o, 0605 32 ,03 18,61 l, 722 39,96 7 ,93 
399. 5 o. 062? 33.41 I 9, 25 l, 736 41,52 8 .t l 
425, I 0,066b 35,89 20, 79 I, 726 ,,,4, 72 8, 83 
441. 8 0,0691 3_7. 82 21, 98 l, 721 47.19 9,37 
465,Q 0,0730 40,40 23, 38 1,728 50,31 9,91 
484,3 0,0762 42,39 24, 76 l, 712 53. 02 10. 63 
533, 3 0,0842 4B,13 28,29 l, 701 60, 38 12,25 
54 7, 5 o; 0866 49,64 29,25 1,697 62, 34 · l?. 70 
568,4 o. 0901 51,67 .l0,46 1·. 696 64, 91 Ll,24 
589, 7 O,OS36 54. 14 32, 10 1,687 · 68, 19 14,05 
608, 7 0,0961) 56, 27 33, 53 I ,678 71,04 l'• • 77 
634. 8 0.1011 58.76 35,26 1,667 74,43 15, 67· 
653, 3 o; 1042 60, 74 36,64 1,658 77, 13 16, 39 
674,6 0, 1078 63,0l 37, 93' 1,661 79, 94 16. 93 
696,4 o. 1115 65, 14, 39,36 1,655 82, 79 17, 65 
711,2 .o. 1150 66,93 40,59 I, 64S· 85, 21 lB. 28 
738, 3 o, 11 s& 68,92 'tl, 88 1,646 87, 83 18, 91 
760,7 0.1222 70.,,66 43,09 1,640 90, 20 19, 54 
781, 8 0, 12 59 72, 27 1t4,26 1,633 qz. 4'1 20, 17 
804, 8 o, 1251 40, 82 ' 33 .• 06 I, 235 60,27 19, 45 
T !ME AXIAL 
El APSED DEf Q N S !GMAI SI GMA3 
810, 4 o. 124 1t 33;67 29,95 I, 124 52.40 18, 73 
816.b 0, 1237 26, 73 26,92 0,993 44, 74 18,01 
821 ,6 o. 12?9 22. 48 24, 18 0.907 39, Tl 17. 29 
LSP TEST OO'l (0,00061N/HINI PARALLfL 
sn fL l'I XED 14 11 68 
TEST STARTED 6 l 69 
SAHPLL PREPARFD 2 I 69 
TEST COMPLETEU I, l 69 
ORIGINAL LENGTH l,55lIN ORIGINAL AREA l,750SQ,IN, 
CfJNSOL IOATION PRESSURE 5,9',PSI 
CSR TEST. 010 (0.0006JM/MINI PARALL[L 
SAMPLE PREP~REO I 69 SOIL MIXED 14 11 68, 
TEST STARTED 10 I 69 TEST COMPLETrn II I 1,q 
1 0RIGINAL LENGTH 1,5991N ORIGINAL AREA 1,755SQ,IN, 
CONSOL!OATION PRESSURE 15,92PSI 
NOTES I SLIP PLANE IN UPPER HALF OF SAMPLE AT DEFORMATION OF 0,105 NOTES I SLIP PLAN~ VISIBLE AT DEFORMATION OF 0,121 
MOIST°LIRE CONTUH OF CUMPACTEU SAMPLE. 0,2599 0,2513 
DRY DENSITY or COM,ACTED SAMPLE 93,74LU/FT3 
DEGREE OF SATURATION OF COMPACTED SAMPLE 93,98PER CENT 
INITIAL VD!n RATIO 0,6908 
Fl NAL MDI S JURE CONTENT 0,2715 
FINAL VOID RATIO 0,6959 
T !ME 















l Ll9. 3 
118,0 
121.2 






































0, 04 58 
0.0487 
0, 0536 




o, 072 7 
o. 0/61 








































































































































































































MOISTURE CONTENT OF COMPACTED SAMPLE 0,2603 
DRY D~NS!TY Of COMPACTED SA'1PL~ 94,17Lll/FT3 
0,2500 
DEGREE OF SATURA Tl ON OF COMP AC TED SAMPLE 94, 89P ER CENT 
INITIAL VOIO RATIO 0,683I 
FINAi MOISTllRf CONHNT 0,2591 
FINAL VOID RATIO 0,66-03 
TIME 





































































o. Oil I 
















































































55. I 9 
57. 48 
59,55 
0. 2 629 0,260B 
N SIGMA!. SIGMA3 
o .• o 
0, 110 















































1+ 7 • 62 
51,24 
5,,. 65 
'17 • 76 
61 ,07 
64, 14 
t,f,. 93 ,o. 30 
7(, • 92 
1,~87 83,01 
I.682 89.00 







l 06, 33 
11 l. 72 
I 16, ?6 





























l 1t. 39 
l ~J. 8 3 
17,09 
lB, 44 
l '1, 70 
20. 69 
21, 86 
23, 2 l 
21t.65 
2 5 .q1 
27, 06 
CSR 
SOIL MIXED 14 11 63 
TUT SrnRTED 21 1 69 
10,00061N/IIINI PARALLEL 
SAMPLE PREPARED l4 1 69 
TEST COMPLCHD 21 l 69 
CSR TEST 012 I0,00061N/HINI PARALLEi 
SOIL MIXED 20 69 
Tl-ST STARHO 27 I 69 
~AMPLl PAEPAREO 72 1 60 
TEST COMPLEHD 2 / 1 69 
ORIGINAL LENGTH I,576IN ORIGINAL AREA l,76DSQ,IN, Ol<!GINAL LENGTH 1,5671N ORIGINAL AREA l,753SQ,JN, 
CONSOLIDATION PRESSURE 2l,33PSI WNSOLIPAT!ON PRESSURE 7,92PSI 
NOTES TWO PIECES OF RUBBER WITH GREASE USED EACH END 
UNIFORMITY OF DEFORMED SHAPF MUCH IMPROVED 
NOTES DURING TEST TOP PLATEN TIL,TEO, MEASURED STRAIN GOOD AVERAGE 
2 PORE PRE~SURE RESPONSE SEEMED SLUGGISH 
MOISTURf CDNTFNT llf COMPACTED SAMPII D,25U7 
DRY DENSITY O,F COMPACTED SAMPLE 94,4DLB/FT3 
OfGREE OF SATURATION OF COMPACTED SAMPLE 95,02PER CENT 
INITIAL VOID RATIO '0,6790 
IINAL HlllSTURt CONTENT 0,2571 






























































































2, 31 · 
























































































































































7r., • 97 
81, 86 
88,52 







l 3 l ,4 1t 
13'.>. 82 
3 VALULS OF P TOWARDS END OF HST TIID LOii 
MOISTURE CONTENT OF COMPACTED SAMPLE 0,2640 
PAY DENSITY ur COMPACTED SAMPLE 93,2HLB/FT3 
0,2559 
DEGREE OF SATURATION DF COMPACTED SAMPLE 94,43PER CENT 
INITIAL VOID RATIO 0,6093 
FINAL MOISTURE CONTENT 0,2750 










19, 53 11, 7 
19,17 15,3 
19,2 
18,09 23, 7 
16,65 








- • 0006 
o. 0006 
- .• 0003 
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? , 117 
2,051 





2, 8 >l · 






































































CSR TEST 013 t0.00061N/MIN) 'PARALLEL 
SOIL MIXED 3 69 
TEST STARTED 10 3 69 
SAMPLE PREPARED 7 3 69 
TEST COMPLETED 10 3 69 
ORIGINAL LENGTH 1,6021N ORIGINAL AREA l,755SQ.IN, 
CUNSllL IDATI ON PRESSURE 64,60PSI 
NOTlS I DCFPTIONALLY UNIFORM Offnl<IIEO SHAPE 
/ SLIP PLANE JUST VISIBLE ON SIJRFAC[ or STRIPPED SAMPLE 
1 lffJGHT OF STRIPPED SAMPLE, 1. 1100, 1. 1.0l, 1.404 1 1.405 IN. 
'• DIAM. OF STRIPPED SAMPLE, L.55~, 1.565, 1.570, 1.551 IN. 
DISTANCE BETWEEN PINS BEFORE SATURATION, 3,176 CM. 
6 DISHNCE BETWEEN PINS AFTER SATURATION, 3,188 CM, 
HO!STUME CONTENT OF COMPACTED SAMPLE 0,2654 
DRY DENSITY OF COMPACTED SAMPLE 93,8BL8/FT3 
0.2540 
DCGREE OF SA TURA Tl ON OF COMP AC TEO SAMPLE 95, 86 PER CENT 
INITIAi Vll!O RATIO 0.6883 
FINAL MOISTURE CONTENT 0,2363 























l ~' fl. 2 
lf, 7 • 0 
I. 75. 3 
























-- .. OOlt2 
··.0029 
···o()(L-32 












o .. 0163 
().O't27 
O.Ql,30 








0, 07 82 
314, 5 o. 0844 
TJ?.O 0.0932 













































































































1 .. 1,21 
l. 1t 1il 
l • 1,62 














































l 1-t2. 77 
1 l;7 • 92 










7 31. 00 














































CSR TEST 014 (0,0006IN/HINI PARALLEL' 
'SOIL MIXED 3 69 
TEST STARTED 12 3 69 
SAMPLE PREPAR,ED 10 3 69 
TEST COMPLETED 12 3 69 
FIS 
ORIGINAL LENGTH 1,6191N ORIGINAL AREA 1,755SU,IM, 
CUN SOL I OAT I ON pq_ESSURE 49.40PSI 
NOT[ S V~RY UNIFORM DEFORMED SHAPe 
SLIP PLANE JUST VISIBLE AT ENO OF TFST 
3 OISIANCE BETWEEN PINS AFTER SATURATION 3,072 CM, 
UISTANCE BETWEEN PINS AFTFR CfJflSOLJDATION 3,013 .CM. 
FINAL HEIGHT OF SAMPLE, 1,415,- 1,421, 1,426 1 1,430 IN. 
MOISTURE CONTENT OF COMPACTED SAMPLE 0,2672 
ORY DENSITY OF COliPACTFO SAMPLE 93,40LB/FT3 
o, 2605 
, 01:GREE OF SATURATION ·oF COMPACTED SAMPLE 96,16PER CENT 
INITIAL VO,IO RAT,IO 0,6970 
FINAL MO!STUHF CONTENT 0,2418 
FINAL VOID RATIO 0,6091 
f !ME 
EL AP Sm 
•. 0 















































































28 •. 96 
() 
34,52 

























































































































l 07. 9 1, 
l t !>. 67 
12:-10 10 
lTI.IJO 
l '~6. "13 
l 'il • 37 
156 • 00 
}6t1 .16 












































CSR TEST 015 I0,00012/0,0001,[.N/M!Nl PARALLEL 
SOIL MIXED 69 · 
TE ST STARTED l 5 3 69 
SAMPLE PREPARED 14 3 69 
TEST COMPLETED 15 3 69 
ORIGINAL LENGTH 1,5821N ORIGINAL AREA l,746SQ,lN, 
CONSOLIDATION PRESSURE 33,43PSI 
NO TES STRAIN RATE CHANGED AT DEFORMATION OF 0,035 
2 EXCEPTIONALLY UNIFOR~ DEFORMED SHAPE, NO SLIP PLANES 
3 HEIGHT OF STRIPPED SAMPLE, l,417 1 1,417, 1,420, 1,422 IN, 
4 CRACK ~ T TOP OF STRIPPED SAMPLE, PHOTOGRAPHED 
MOISTURE CONTENT OF COMPACTED SAMPLE 0,2699 
OR.Y OENSITY OF COMPACTED .SAMPLE 93,49~B/FT3 
0,2565 
DEGREE OF SATURATION OF CO~PACTl:O SAMPLE 96,50PER CENT 
I.NITIAL VOID RATIO 0,6954 
FINAL MOISTURE CONTENT 0,2445 










43, 5 0, 0007 
60, 0 0,0003 





























542, 3 0, 0450 
















































































































































































































































CSR Te ST 016 1.o.0001.210,0006tN/MINI 'PARALLEL 
SO IL MIXED l 69 
TE ST STARTED 17 3 69 
SAMPLE PREPARED 16 3 69 
TEST COMPLETED 17 :i 69 
l=/6' 
ORIGINAL LENGTH 1,6251N ORIGINAL AREA l,755SQ,1N, 
CONSOLIDATION PRESSURE 22;85PSI 
NOTES fXCEPTIONALLY UNIFORM• DEFORMED SHAPE, NO SL!~ PLANES 
.CHANGE IN STPAIN RATE AT DEF, OF 0,036 
3 HEIGHT OF STRIPPED SAMPLE 1,497", 1,493", 1,490", 1,490" 
MOISTURE CONTENT OF COMPACTED SAMPLE 0,2574 
DRY DENSITY OF COMPACTED SAMPLE 93,90L6/FT3 
'0,2647 
DEGREE OF SATURATION OF COMPACTED SAMPLE 96,40PER CENT· 
INITIAL VOID RATIO 0,6879 
FINAL MOISTURE CONTENT 0,2527 























































































































































































































































































































cs• T>ST Dl7 {0,00012/0,00061N/H!Nl PARALLEL 
SO IL Ml XEO 69 
Tl ST STAR TEil 20 3 69 
SAMPLE PREPARED 18 3 69 
TEST COMPLETED 20 3 69 
ORIGINAL LENGTH 1,5461N ORIGINAL AREA 1,760SQ,IN, 
CONSOLIDATION PRESSURE 63,60PSI 
F/7 
CSR TEST 018 { 0, 00012/0,0006!N/H!Nl PERPHIDJCULAR · 
SOIL HI XED 18 3 69 ·SAMPLE PREPARED 24 3 69 
TEST STARTED 26 3 69 TEST COMPLETED 11 3 69 
ORIGINAL LENGTH l,577JN ORIGINAL AREA 1. 765SQ.!N, 
CONSOL IDAT!ON PRESSURE 62,85PSI' 
NUTLS LHANGE IN STRAIN RATE AT DEF. OF 0,020 NOTES I GOOD DEFORMED SHAPE, NO SLIP PLAtlES OBSERVED 
2 GOOD DEFORMED. SHAPE I NO SL! P PLANES ON STR! PPED SAMPLE 2 CHANGE IN STRAIN RATE AT OEF, OF 0,023 
3 PHOTOGRAPHS TAKEN OF OEFORHFO SAMPLE 
MOISTURE CONTENT OF COMPACTED SAMPLE 0,2667 
DRY DENSITY OF COMPACTEO SAMPLE 93, 83LB/FT3 
0,2558 
DFGRFE OF SATURATION OF COMPACTED SAMPLE 96,31PER CENT 
IIHT!AL VOID RATIO 0,6892 
Fl NAL HO! STURE CONHNT ·o,2334. 































































































































































































































































162, 82 · 
168, 13 






2 20, 69 
227, 46 
2 34, 52 















































HDISTURf _CONffNT OF COMPACTED SAMPLE 0,2578 
DPY DENSITY OF COMPACTED SAMPLE 94, 31LB/FT3 
0,2626 
DEGREE OF SATURATION OF COMPACTED'SAMPLE 97,12PER CENT 
INITIAL VOID RATIO ·o,6806 
FINAL MOISTURE CONTENT 0,2428 














































































0,07 1t 1t 
o. 0780 

































95, l l 
100, 16 
105, 20 
ll o. 29 
ll 1t-66 






























































































































162 o4 1t 
168,16 






ZOJ. 9 11 
207,84 











































, 34. 59 
311. 59 
CSR TcST Ol'! (0,0006/0,000121N/HINI PARALLEL 
SOIL MIXED 18 
TE ST STAR TEO 
69 ·sAMPLt l'R~PAREO 28 4 69 
5 69 TFST COMPl.ETEO 5 69 
(1R !GlflAL LFNGTH 1,5321M ORIGINAL AREA 1.762SQ,IN, 
CONSOLIDATION PRESSURE 32,59PSI 
NOTES SAMPLE CONSOLIDATED TO 63,45PSI AND UNLOADED TO 3?,59PSI 
STRAIN RATE CHANGED ON FIRST LOAOH!G AT DEF, OF 0,04 
AT DFF, OF 0,10 SAMPLE UNLOADED THEN RELOADED AT 0,DOOl2IN/MIN 
4 VERY UNIFORM, DErfJRMEO SHAPE 
5 SLIP PLANE JUST VISIHLL AT END OF SECOND LOADING 
6 HEIGHT OF STRIPPED SAMPLF., 1.339,, 1.341, 1.318, 1.332 IN. 
7 DIAM, OF STIUPPED SAMPLE, 1,561, 1,576, 1,5601 1.575 IN. 
MOISTURE CONTENT OF CUMPAClEO SAMPLE 0,2644 0,2542 
ORY DENSITY OF COMPACTED SAMPLE 94,14L8/FT3 
DEGREE. OF SATURATIOM OF COMPACTED SAMPLE 96,35PER CENT 
INITIAL vorn RATIO 0,6837 
FINAL M• iSTURE CONTENT 0,2455 
FINAL VOi• RATIO 0,6233 
TIME AX! AL 
ELAPSED DEF () 
o. 0 0,0 0,0 32. 59 
11, 5 0,0008 o. 65 32,81 
20.0 o. 0008 l. ')5 12.97 
29~0 o. 0008 3. 2l1 33, 1, 
T !ME AXIAL 
ELAPSED' DEF 0 
38. 0 0, 0008 4. 28 33,39 
45.o 0, 0004 5. 32 33, 73 
69,0 o. 0011 5 I 83 34. 26 
89, 5 0.901s 8, 68 34,67 
13 7, 0 0, 0042 19, 78 35, 31 
182,5 0, 0069 29, 78 35,59 
227, 0 0,0103 3 1t. 131 35.55 
271, D o. 01 30 38.95 j(,. 12 
313,5 o. Ol 61 43 • 04 37,13 
35 7 ,0 0,0200 46. 56 rn. Jo 
434, O 0 • 02 50 53. 28 1.0 •. 90 
487,0 0, 0293 57. 96 '• J. 00 
531, 5 0,0323 62. 01 1t4. H9 
574, 0 0,0364 65, 79 46,87 
615, 0 0, 0395 67,94 48,40 
626,5 0,0451 74, 99 51,92 
636.o 0,0479 79, 84 54,52 
643, 5 o, 0511 83, 39 56,52 
653, 0 0,0547 87, 61 59,00 
~62, 0 0, 05 75 92, 24 61, 63 
610,'5 0.06lg 96, 31 63, 97 
681, 0 -0,0664 JOI, 19 6 7. 04 
101. 0 0.0745 110.04 72, 7H 
714,0 o. 0807 115, 15 76. 3') 
731, 0 o. 0885 1 23. 28 81. 1t? 
744,', 0, 0943 129,07 ns. 3 3 
757. 0 0, 0993 l 34. 79 U9.3l 
775. O 0,0817 -o, 12 26. l{) 
1410, 0 o, 0809 o.o 27 • lt6 
1449, 0 0, 0821 1, 5', 27,44 
14~8. 0 0, 0825 3, 10 27, 32 
1470,0 0,0829 &,33 27,54 
14dd,0 0, 0838 19, 15 28,35 
1515,0 o.OB62 29, 89 30, 85 
1568, 0 0,0896 49,87 38•95 
1~19.o o. 0921 ,70,lt 7 49,06 
0,2463 O ,2453 
N SIGMA! 
o,o 32 ,59 
0.020 33,24 
0,059 34. 27 
0,098 35. 29 
N S IGMAI 
0, 128 36, 24 
• 0.15a 37;23 
0, 170 38, 15 
0,250 40,46 
o. 560 48, 50 
0,837 55,44 
0,979 58, 76, 
1,078 62,09 
I, 159 65.82 
1,216 69,34 
1,303 76,42 
I, 348 81,64 
I, 381 86,23 
i,404 90, 73 
1,404 93,69 
1,444 101,91 
l .464' 107,75 
1,475 112, 11 
1,485 117, 41 
I, 497 123,12 
1,505 128,18 
I, 509 134, 50 
I. 512 146, 14 
1,515 153 • 56 
I, 514 163,61 
I, 513 171,38 
I, 509 I 79, 17 
- ,005 26, 08 
0,0 27.46 
0,056 28, 47 
0, 113 29, 39 
0,303 33, 09 
o, 675 41, 12 
0,969 50, 78 

































1t2. 3 l 
1, 1t. 38 
26. 20 
21 • lt6 
26,92 








ELAPSED DEF Q N S J(;MAl SI GMA-1 
1669, 0 ·0.0962 91.03 59,87 1. 520 l LC. 56 29.53 
I 721, 5 0.0996 l 09. f,~ 70. 39 I, 557 l 1t3. 4A .33. 85 
1769.0 0 • 103d 121.21 77 ,67 l, 561 l 'if:. 4U 3 7. 27 
1825_.0 0 • 10 76 l 30. 1+ 3 84, 08 I ,551 1 71 ,OJ 40,60 
1862, 0 0,1114 DS,40 87. 89 I, 541 178, 16 42,76 
1912, 0 0, 1152 1'40, 68 91,Bl I, 532 185,60 44,92 
1980,0 0,1204 146,48 9?,91 1,527 193, 56 4 7 ,08 
2055,0 0,1272 153, 72 101,38 I, 516 2 03, 86 so, 14 
2137, 0 0, I 363 159,52 106, 10 I, 503 212, 45 >2,93 
2195,0 0, 1407 163, 2 9 108,98 1,498 217,84 54,55 
2265,0 0,1477 167,71 112, 61 I ,489 224.42 56, 71 
2270,0 0,1287 199,.83 260,1)3 0, 768 )93,25· 193, 42 
2295,0 (), 128.'\ 201. 29 260, 52 0, 773 394.71 191. 1t? 
CSR TEST 020 I0,0006/0,00012/0,000024IN/HINI PARALL[L 
i SOIL MIXEL• le 69 SAMPLE PREPARED 6 5 69 
! Tl ST STAHTEO 10 5 69 lr'.::iT COMPLETED 12 ', 69 
OR!Glt!AL LENGTH l,589IN ORIGINAL AREA l.760-SO,IN, 
CONSDLIOATION PRESSURE 12,69PSI 
1'l!lffS l INITIAL CllNSOLIOJ\TlOtJ ro 47.f,OPSI, UMLl!J\DED rn t2.f,</psJ 
SLIP PLANES JUST VISIBLE AT DEFORMATION OF O,l013 
~ TEST STOPP[!) AT 01::FOR/·1/\.TIDN ()F o.?230,\llME a/\HRE-LI ING 
HEIGHT OF STRlPPED SAMPLE, L.257, l.253, 1,255, l,259 IN, 
5 DIAM, T,OP ~TRIPPED S/I.MPLF,1,6U3, \.722., 1.,7\2, 1,700 IN, 
r, DIAM, BDTl, STRIPPED SJ\MPLL, l.613, 1.617, l.621, 1.611 IN. 
STR, RA, .CHANGES .12-6AT2,216-,02'1AT5,·6, ,OZ4-6AT7,3 
n STR. RA, CHANGES, 6-o024AT9 .. 5,,0;Ut-6Allt.2 
MCI IS TUR E CONTE NT OF COMPACTED SAMPLE O, 26 28 0,2578 
ORY DENSITY or COMPACTED SAMPLL 94,0lL8/cTl 
DIGl(EE or SATUHAT!Utl OF COMPACHO SAMPLE 96.39PER CENT 
INITIAL VO!O RATIO 0.6860 
FINAL NttlSTUflc CONTI NT 0,2486 
FINAL VOID RATIO 0,6227 
T !ME AX! AL 
El APSFD OL F Q p 
0,0 0,0 0 .o 12, 69 
8, 0 -,O'o04 0, 52 12, 86 
11. n - .oooa 1,30 ll,94 
2lh0 ",00\5 1,82 Ll, 12 
T !NE AX! AL. 
El AP SEO DEF Q p 
42. n -,0015 3,26 !J,42 
65, 0 -,0027 4,18 1,3,90 
95, 0 - • 00 34 6, 79 14,68 
l 29. 0 - , 0{J/i9 1, 72 1 ~_; ~ 7 1 
171, 0 -,0057 10,34 16,59 
212. O -. 00 1t9 15. 9~1 11.11 
758. O - • 00 30 21,67 18,56 
307 ,0 -,OOll 26, l 9 . 20,52 
142 .n o.0019 ?9~09 21. 58 
397 ,0 O, 0053 33 ,27 23,60 
1,1L 5 o. 0080 35, 63 24,84 
1178. (l 0,. Ol 10 39. 3H 26, 54 
522.0 0, 0141 42, 72 28,28 
'l62. n O.OlfA 1,5. 6'1 l<J. 90 
(,06. O 0,020.3 l19,2 l J 1, 70 
625, rJ 0, 02 2 6 53 • 93 3'•· 09 
(,.31,', o. 07 ')3 57,07 36. 03 
641, 0 0,0292 60, 51 JO, 08 
650, 0 0,0316 63,89 39. 8't 
6'J8o U o.ov,1 67 ,4'.l 1,1. 10 
66 7. 0 0, 0382 70, 71 43,91 
6"(6, O 0,01;02 74,4 1t 46, 14 
l,84 0 0 O,Olt.38 77 ,52 l10 • 25 
692, Q 0,046l 81, 42 50, 36 
101. ':i O,lVtBl !35 ,22 52. 62. 
710,0 0,05()q HS, 92 ~,,, 93 
718, 0 0, 05 53 92,20 57, 10 
, no.o 0. Ofi 1,9 t oz. 3 ~ 67.. 28 
1630, 0 0, 0690 106, 61 bit• 88 
1644, 0 o, 07'5 116.15 70, 73 
l 660. ~' 0,0fi04 111. 3 11 -,,, ~ 56 
1678, Q 0, 08 70 126,89 7H,48 
1 6g6, n 0, ()<J/1lt l ~2, lo B?,37 
l 1160, 0 0,0978 1?9,38 uo. 39 
2143,0 0, 1015 13't. 10 83 •04 
2 136, 0 0, 1120 lftl I 89 87, 89 
0. 24 76 
N SlGMAl 
o.o 12 • 69 
0,040 13. 21, 
0,101 13.81 
0, 11') 11,. 33 
N SIGMA! 
O. 24J l '). 59 
0 ,300 16,69 
0" 1162 19,21 
Oolt9l )Oo06 
0,623 23 • l;B 
O .93] 2-, 0 11.~ 
1.16 I lLOl 
1,276 3"/ ,98 
l. 34H 1dL97 
1,410 45, 78 
\,. t,35 ld}. 59 
J O l;B I; 51 ~ 79 
1. 511 56, 76 
LSZB 611. 16 
l • 55L 6 11. 51 
1,582 70o01t 
I. 5011 1 11 ,,08 
l, 58'/ ·1 I.\~ 1t2 
l .60lf 02 • t,3 
l, 60/ 8'/. 07 
L6l!) 91,05 
1,613 9"- 77 
l, 607 9'J. 93 
l, 617 l 04 ,61t 
l • 620 10</ • 1;] 
l.61') 11 11.2.1 
l.615 11[3.57 
l.64 ~ 131). 50 
1. 6'!3 135.95 
l,£-A5 1 110, JO 
I~ 62 I l i:;i, 0 1i5 
1, 61-, 16 1 • 07 
I ,601;- 1 7(t, 1111 
I, t()9 l 6/,. 6'1 
1,615 l 7 2, '~4 










































t,O • 59 
19 
TIME AX! AL 
ELAPSED nEF Q ~ S IGMAl SIGMA3 
2750, O 0. 1197 150, 2') 'J3, 75 l, 6ClJ l 93, 94 43. (,", 
2 762, 0 0, 1248· 152, 61 95, 87 1,592 197, 61 45,00 
2780,0 o, l 351 154, 86 98, 33 1,575 201,57 46, 71 
n,6.o O,l425 157,09 101, 05 l, 56? 206, 31 48 ,tt2 
2 813, 0 0,1522 160,53 103,46 1,552 210,48 49 ,95 
? 8 i2, O O. l 1,37 162,59 105,86 1. 5J6 ? 11, • 25 51.(1{, 
l 84 7, O 0, l /04 164.6ft 107, 62 1. 530 21 7, 38 r:.2. 7 1, 
2 864,? 0,1798 166,28 109,52 l ,5 lB 2 20, 37 54 ,09 
.?880.0 0, I 1185 167, 70 1'11. 43 1,505 223,23 55. "i J 
2897, a o, 1995 168, 24 llZ, 69 1,493 2 24, 85 56, 61 
2914,0 o, 2083 168, 76 114,03 l ;480 226,54 57, 78 
29\l.O o. ?232 169, 81 l 16, 63 1,4')6 2?'?,84 60.f) '. 
2967,0 0,2361 170,39 117, 73 1,447 2 31, 32 60,93 
?985,0 o.no2 87,67 l't3,97 0, 60') 202,42 114, 7°, 
F20 
CSR TEST 021 I 0,000024/0,00012/0,00061N/MINI PARALLEL TIME AXIAL 
EL AP SEO Oc.F Q N SIGMA! SI GMA3 
2 91 7, 0 0, 07 54 114,24 73,28 I, 559 l 49 .44 35, 20 
SU IL MIX[D 18 69 SAMPLE PR!;PAlffll l? 5 {)9 · 2989.0 r). 0810 119,40 76. ll t. 'S57 15t, • 31 36,91 
3 046. 0 0,0839 123,80 79.62 l. 5S5 162 .15 38,35 
TF ST STARTFO 14 5 69 TFST CDMPLFTED 16 5 69 3 164. 0 0, 0936 132, 51 05.40 1. 55? 173,74 41,23 
!HIIGIU/1.1 I. rNG TH l,67l!N OR I GI NAL /\REA l, 760SQ, IN, 3197.0 o. 0948 134,68 0&. 84 1 o ':i5 l l7b.63 41. 95 
1t414. 0 0, 1129 149,99 <)6, 2/ 1.558 196,26 46, 27 
CONSUL J DAT I ON PRESSURE 46,45PSI '•450. 0 o. 1133 155, 57 99, 66 l, 56 I ?03 • 37 4 7. 80 
'•'t89. 0 0, 11 75 157,13 101,17 1. 553 20 5 • 92 48, 79 
MlJTES l cnoo OE FOR MEO SHAPE UP TO OEFLlRMATION llf 0, 1050 
451t5o 0 0,1221 .159, 51 103. 13 1,547 209 • 41 49,96 
HEIGHT OF STRIPPED SA HP Lt 1,318, 1.332 t 1. 340, I, 330 IN, 4 57 2, 0 0, 1242 160, 84 104,20 I, 544 211, 43 50,59 
41>19,0 0,1276 163, 2 8 106, 10 1, 53.9 214,95 51,67 
. 3 STRAIN ,RATE CHANGES, , l 2-6A Tl, 4, 6-.12AT 3, 2 1 , 12- ,024AT4, 7 4966,0 0,1331 163 ,49 106, 08 1,541 215 ,07 51,58 
4 STR, RA, CHANGES, , 024-:-, 12AT5, 7 1 , 12-, 024ATl1,8 1 ,024", 12AT15, 9 5 750, 0 0,1459 171,07 .111.·30 1,537 225,35 54, 28 
6449,0 0, 1576 175,53 il4,41 1,534 231,43 55.90 
MOISTURE CONTENT OF COMPACTED SAMPLE'0,2633 0,2548 7064, 0 0, 16/11 178, 32 116, 78 1,527 235,66 S7,34 
7214,0, 0,1689 179.32 117,47 1,526 2 37, 02 57,70 
DRY DF.NSI.TY OF COMPACTED SAMPLE 94, l6LB/FT3 
7309,0 . o. 1751 184,96 122,14 1,514 245 ,45 60,49 
Dl:.GHFl llf S,\ TURATION OF· CO~PACTEO SJ\MPU::: 96. JO PER CENT 7407, 0 0. 1823 186,87 124, 2? 1. 504 248,80 61. 91 
7 1t99. 0 0,1867 189, 23 126, 0') I. 501 252,24. 63,01 
IN IT IAI VOIO RATIO 0,6833 7561,0 0,1912 190,40 127.29 l •'•96 254,22 63,82 
fl NAL MO! STUHE CDNTFNT 0, 24 70 0. 2 11?2 0,2576 7704, 0 0, 2016 192, 41 l2.9. 1t9 1. 486 ? 57, 76 ,65,35 
7719, 0 0, 1843 -o. 21 41,16 -,005 41,02 41,23 
Fl NAL VflJO RA TIO o. 6212 
TI !~E AXIAL 
ELAPSED DEF Q p N SIGMA! S IGMA3 
0,0 0,0 o.o 46,45 0,0 46,45 46,45 
9,0 0, 0004 3,25 45, 91 ,0,071 48,08 44,83 
18,0 -,0004 4.03 45,27 0,089 47,96 43,93 
25, 5 -,0000 4, 81 44,90 0, 107 48,11 43,30 
44, 0 o,o·, 6,50 43.67 0, 149 48,00, 41,50 
65, 0 -.0000 6.50 42,86 0, 152 47,19 40.69 
'!6, 0 c, 0000 7,54 42,03 0, 179 47,06 39,52 
12a.o o. 0000 9,36 40,75 o. 230 46, 99 37,63 
T IML AXIAL 
EL. AP SFO OFF Q N SI GM Al SIGMA3 
l'/7,0 o. 0004 12,87, 39.Jl 0,321 47.89 35,02 
22 1, • 0 o. 0004 14,95 3.8. 1, 7 o. 189 48,44 33,49 
?.'J7. 0 0.0000 18, 73 37,57 0.49A 50 006 31, 33 
324. 0 o. 0026 24,26 36, 18 O. 67 l 52,35 28,09 
36 7, 0 0, 00 II 29,57 35, 16 0,841 54 • 87 25,30 
390,0 0,0112 32 .• I 5 35,03 0,918 56,46 24,31 
456, 0 0,0154 37,78 34,92 1,082 60 .11 22.~3 
491, 0 0,0177 40,63 3·5.42 1,147 '62, 51 21, 88 
517, 0 0, 0196 42 ,34 35,81 1,182 . 64,04 21, 70 
558,0 0, 0230 45,11 36,56 1,234 66,63 21,52 
604,0 0,0249 48, 70, 37, 75 1,290 70,22 21, 52 
643,0 0,0280 51,46 19,03 ·1. 318 73, 34 21 .88 
670,0 o. 0299 53. 63 39,94 1,343 75,69 22,06 
6()2. 0 O. 0310 52,18 39;27 I, 329 111 .06 21,88 
Tl2. O o. 0314 52,79 39.48 1. 3 3"/ -,,t. 67 21,88 
l 269. 0 0,0383 62.41 43, 85 1,423 85,46 23,05 
1--rno. o 0. 0 )99 64, 06 44.76 I, 431 87, 47 23,41 
l 1t6 1t. () u, 0414 65.45 45,41 1.1,tt1 89.04 23,59 
1560. Q 0.01126 67,74 46. 35 I, 461 91, 51 23.77 
16 71. O o.04't2. 69,25 47, JO 1. 1164 93,47 24,22 
1 79H. O o. 01+61 71,34 4 7, 55 1. 50() 9~.11 23. 77 
1926, 0 0,0477 74,07 49,90 1.484 99, 28 25, 21 
1932, 0 0,0477 76. 05 50,56 1,504 101,26 25, 21 
1940, 0 0, 04 81 77,26 51,32 1,505 102,83 25,57 
1953,0 o, 04 85 77 ,97 52. 10 1,497 l 04, 08 26, 11 
2002,0 0,0516 81,66 54, 32 1,503 I 08 .76 27, 10 
2057,0 0, 0551 86, 15 56.90 1,514 114,33 28, 18 
2085,0 0, 0563 88.99 58,47 I, 522 117, 80 28,81 
2132,0 0, 0595 93,09 60,92 1,528 122,98 29,89 
2 16/J. (l 0,0611 96.ll 62 .65 L. 534 126,72 30,61 
2170. 0 0. 06 I 5 94,24 62, 02 l.~19 124, 85 30,61 
?. lll/3. 0 o. 0619 93, 22 61. 41 1. 518 113,56 30, 34 
2771.0 o. 06'J4 I 04, 70 67, 119 1 • 551 l 3 l. 29 32,59 
L!E)8. 0 0,0714 106.28 68, 29 1. 556 119, 14 32,86 
2 864. 0 0,0714 110,27. 70,16 l. 5 72 l 43. 67 33,40 
?.88?. 0 0,0730 111,41 71, 26 l. 561 1 115, 53 34, 12 
LSR HST 022 (0,000l2/0,000024IM/MINI PERPFtlDICULAR 
SOIL l·IJXlfl lt-l 3. 69 SAMPU.: PKEPARED 21 ':i 69 
TEST STARTFr 23 5 69 TEST COMPLFTED 2', 5 69 
DR IGINAL LENGTH 1,5951N ORIGINAL MEA l, 758SQ, IN, -
CONSOLIDATION PRESSURE 46,68PSI 
NOTES HFIGHT OF STRIPPED SAMPLE I,415, 1,416, 1,432, 1,441 
SAMPLE BULGED TO ONE SIDE TOWAllDS [Ill mo OF THE HST 
3 LOAD CELL OFF FOR 2ND AND 3RO AfAOINGS VALUES INTfRPmATEO 
4 STRAIN RATE CHANGE AT DEF, OF Q,0185 1 0,0650 
MOISTURE CONTENT OF COMPACTED SAMnE 0,2614 
DRY DENSITY OF COMPACTED SAMPLE 94,30LB/FT3 
0, 2 57 7 
DEGREL flt SATURATION OF COMPACTED SAMPLE 9/,.U',P[R CENT 
INITIAL VOIU RATIO 0, 6808 
FINAL MOISTURE CONTENT 0,2435 



































4 852, 0 
'4897,0 








































































































































































l 13, 52 
180,80 









































CSR TEST 023 (0,00012/0,0000241N/MINI PERPF.NDICULAP. 
SO IL Ill Xlcll l 8 3 69 Si\Hl'LI PREPAREO 2 6 69 
TEST STAPTfO 4 6'69 TEST COMPLETED S ti (,q 
ORIGINAL LENGTH 1,5851N ORIGINAL AREA l,762SQ,IN, 
CONSOLIDATION PRESSURE 43,45PSI 
NOTES VERY UN IF 0R!1 DEFORMEU SHAP[ 
?. HflGHT OF- STRIPPFU SAMPLE 1~481, 1,473, 1,456, l.4~•l 
~ DIAM OF ST[3.IPP[(l SAMPLE {TOP) I.536,l.542,1,515,1.~, 1t3 
DIAM OF STRIPPED SAMPLE 180TTI l,50211,523,1,503,1,535 
STRAIN RATE CHANGE AT DEF, OF 0,0125, 0,0445, 0,0492 
MOISTURE CONTENT OF COMPACTcO' SAMPLE 0,2585 
DRY lll NSITY llF COMPACTED SA:1PLE 94,46L8/FTJ 
DEGREf OF .SATURATION OF COMPACTED SAMPLc 96,57PER CENT 
INITIAL VOID RATIO 0,6779 
FINAL MOISTURE CONTENT 0,2460 






































































0, 06 79 
0, 0706 































































































































































































STC TEST 001 PARALLEL TIME AXIAL 
ELAPSED DEF Q N S !GMi\l S IGHA3. 
1680, 0 o. 033'} o.o 2, 97 0,0 2, 97 2,97 
SUIL MIXED 14 11 68 SAMPLE PREPARED 3 12 68 l 695, 0 o. 0349 5, 53 J,91 1,414 7, 60 2 ,07 
1710, 0 0,0382 11,02 5, 93 l, 857 13, 28 2,26 
He ST STARTED 10 12 68 TEST COMPLEHD 19 12 68 1 725, 0 0,0395 16, 51 8.15 2,026 19, 16 2, 65 
ORIGINAL LcNf,TH 1, 6601 N ORIGINAL AREA l, 753SQ, IN, 1740,0 0, 0415 21,97 10,49 2,095 25, l3 3.11. 
l 755, 0 0,0412 16,48 8,91 1,849 19,90 3 ,42 
CONSOLIDATION PRESSURE 10,00PSI 1770,0 0,04D2 11,00, 7, 15 1,538 14, 48 3 ,49 
1 78?, 0 o. 0385 5, _51 Sil 3 1,074 B, 80 3 ,29 
NOTE~ I SLIP PLAN~ s NOT I crn AFTER FIRST LOADING TO l60L 8 
1800,0 o. 0349 0,0 2, 84 0,0 2.t34 2,8 1t 
MOISTURE CONTENT OF COMPACTED SAMPLE 0,2643 0,2549 f815, 0 0,0365 5,52 3,84 1,437 7,52 2,00 
1830, 0 0, 03 82 11. 02 5, 80 1,899 13, 15 2, 13 
ORY UENSllY OF COMPACTED SAMPLE 93,56LB/FT3 I 845, 0 o,03q9 16, 50 8,02 2,058 19 .02 2, 52 
Qi::GRLi;: OF SATURATION OF COMPACTED SAMPLE 95.00PER CENT 1860, 0 o. 0418 21,% 10. 35 2. 12 l z4.qg 3,03 
1875, 0 0,0418 16,47 8, 78 1. 875 19,76 3,29 
INITIAL VOIO RATIO o. 6942 1890,0 0,0408 10,99 L02 1,566 14, 35 . 3,36 
l 905, o 0,0388 5,51 5,06 1,088 8, 73 3. 23 
FINAL MOISTUl<E CONTfNT 0,·2731 0,2718 o.2662 
2010. 0 0.0352 o.o 2,91 0,0 2 ,91 2,91 
FINAL VOID RATIO 0, 6833 2 865, 0 0, 03 85 11.02 6,32 1·.11,3 13. 67 2 ,65 
2880,0 . 0,0425 21, 95 10, 80 2,032 25,43 3,49 
2895, 0 0,0514 32. 61 16, 61 1,963 38,35 5,_74 
T !He AX! AL 
FLAPSED OEF Q p N SIGMA! SIGHA3 2910,0 o, 0627 42,% 22, 51 1,908 51, 15 8, l 'J 
2925,0 0,0624 32 ,23 18,8 I 1,714 40,30 8,07 
o.o 0,0 a.a 10.00 0,0 10 .oo 10.00 2940, 0 o. 0617 21,50 15,04 1,430 ' 29,38 7, 87 
JO,O 0,0032 5. 71 7,45 o. 766 11,26 5,55 2955, 0 0,0590 10, 78 10,56 1,021 17,75 6,9Z 
60,0 0,0137 11,30 6,99 l, 616 14, 53 3, 23 
90,0 0,0249 - 16,76 9, 01 1,861 20. 18 3,42 2 970, 0 o. 0523 o. 0 4, 78 0,0 4,78 4, 78 
2985.0 o. 0546 10,83 7, 10 1,527 14,32 3,49 
120. 0 0,0344 22, 13 11,51 1,923 26, 26 4,13 3000,0 0,0587 Zl, 57 11, 52 l, 873 25, 90 4,32 
135, 0 0,0334 16, 62 9, 86 -1,685 20, 94 4,32 3015, 0 o. 0620 32,25 16,43 1,963 37 ,92 5,68 
150, 0 0,0321 11,09 0;02 I. 383 15,/t2 4,32 
165,0 0, 031L s. 55 5,92 0,938 9,62 4,07 3030,0 0,0668 42 • 70 21,94 1,950 50,45 7,68 
3045,0 o. 06.64 32, 09 18, 44 1,740 39,81t 1 • 74 
210,0 0,0255 o.o 3,29 0,0 3,29 3,29 3060, O ·o. 0657 21,41 14,69 1,458 28,96 7,55 
225,0 o. 0275 5,57 4,25 l, 312 7,96 2 ,39 3075,0 O,M34 10,73 10·. 22 1,050 17 ,38 6,65 
240, 0 0,0301 11, 11 6, 16 l ,805 13,57 2,45 
255,0 o. 0327 16,63 8,51 1, 95,3 19,60 2, 97 3 105,0 0,0563 0,0 4, 71 o.o 4,71 4,71 
. 3120,0 0,0593 10. 78 7,01 1. 537 14,20 3,42 
3135,0 o. 0630 · 21,47 11,48 1,870 25,80 4,32 
3150,0 a; 0657 32:12 16, 26 1,976 37, 67 5.5~ 
TIME AXIAL T !HE AXIAi. 
ELAPSED DEF Q N S !GMAl SIGHA3 ELAPSED DEF Q p N SIGMA! S!GMA3 
270,0 0,0356 22, 10 11. 05 2,001 25, 78 3,68 1165, 0 o, 069~ 42, 6't 21, 70 1,96? 50, 12 7,48 
285,0 0,0360 ·16, 57 9,46 I, 752 20,51 3,94 3180,0 o. 0691 32,00 18, 22 1,757 39. 55 7, 55 
300, 0 0,0353 11, 05 7 ,62 1,450 . 14,99 3,94 1195,0 0, 06 74 21, 37 14,48 1,476 28, 73 7, 36 
315, 0 0,0333 5,54 5,53 1,002 9,22 3,68 3210, 0 o. 0664 10, 70 10. 08 l,061 17,22 6,52 
345, 0 0,0291 a.a 3.10 o.o 3.10 3, 10 3420,0 o.0589 0, 0 4,78 o.o 4, 78 4,78 
360.i 0 0,0301 5,56 3,98 1,395 7 ,69 2, 13 3435,0 0, 0616 10. 75 7,01 I, 535 14, 17 3,42 
375,0 0,0333 .11.08 6,08. 1,821 13,47 2,39 ;1450,0 o. 0656 21,41 11,46 1,868 25 • 7 1t 4.32 
390,0 0,0356 16,58 8,30 1,997 19,35 2. 7_8 3465·, 0 0,0680 32,04 16, 29 1,966 37,65 5,61 
1,ps.o 0,0376 22,06 10,H 2,047 25,48 3,42 1480,0 o. 0721 42, 53 21, 53 l, 975 49,89 7,36 
,,zo.o 0,0376 16,54 9,·19 I, 799 20. 22 3,68 3495,0 0;0111 31,93 18,06 I, 768 39 • 35 7 ,42 
435,0 0,0366 ll,04 7,42 1,487 14,78 3,74 1510,0 0-.0104 21,31 14,3<J l ,480 28,60 7, 2') 
450,0 0,0350 . 5, 53 5,33 , l ,038 9,01 3,49 352 5, 0 0,0684 10,68 10, 01 1,066 17.13 6,45 
~85,0 0,0310 o.o 3,03 o.o 3,03 3,03 "1540, 0 0,0619 o. 0 4,65 o.o ,, • 65 4,65 
600,0 0,0320 5,55 3,92 1,417 7,61 2.01 4230,0 0,0619 o.o 5 ,36 o.o 5, 36 5. 36 
615, 0 o. 0343 11,07 5, 95 1,860 13, 33 2,26 11245. 0 0 • 0643 10, 7? 7, 4~ 1,440 14,M 3, 87 
630, 0 , 0,0369 16,55 8 ,23 2,012 19,27 2,71 4260,0 o. 0680 21, 36 11,90 1,7% 26, 14 4, 78 
645,0 0,0396 22,01 10,63 2,071 25, 30 3, 29 4 27 5, 0 0,0707 31, 95 16,6'5 1,919 37, 95 6,00 
660,0 0,0386 16,53 9,06 1,824 20,08 3.55 1,290, 0 0,073 11 42,47 21, 71 l, 957 50, 02 7 .~'..i 
675,0 0,0379 11, 02 7, 29 1. 512- 14,64 3,61 1t305.0 o. 073', 31, 85 18, 30 I, 741 19, SJ 7 1 f,8 
690,0 0,0363 5,52 5, 26 I ,o49 8,94 3,42 4320,0 o. 0724 21. 26 14, 57 l,459 28,74 7 ,48 
1410,0 o. 0317 o.o 3,61 ·o.o 3,61 3,61 'i335, 0 o. 0697 10, 66 10, 20 1,045 17, 31 6, 65 
1425, 0 0,0343 5,53 4,30 I. 287 7 ,99 2,45 4350,0 0~ 0629 o. 0 4,97 o.o 4,97 4,97 
1440, 0 o. 0349 11,06 6,27 I, 764 13,64 z. 58 1,380,0 0,0669 10,69 7, 18 1,489 14,31 3,61 
l 455, 0 o. 0376 16,54 8, 42 1,965 19,45 2,91 4395, 0 o; 0693 21,33 11,63 l,834 25,85 4,52 
1470. 0 0,0392 22, 02 10. 76 2,01t6 25,44 3,42, 4410,0 0,0724 31, 89 16,31 1,955 37, 57 5 ,68 
l485,0 o. 0392 16,51 9. 18- I. 798 20, 19 3 ,68 4425, 0 0,0751 42, 39 21,42 1,979 49 ~ 69 7, ?.9 
1500, 0 0,0385 11,02 7, 42 1.486 l',,76 3, 74 l, 440', 0 0,0747 31, qJ 18,0'l I, 751 39 I 29 7 I 48 
1515, 0 ·0,0376 s.s1 5, 39 1,023 9,06 3, 55 4455,0 0,0741 21, 22 14,43 1,471 28,58 1, 1,. 
l 530. 0 o. 033'} a.a 3, 16 o.o 3, 16 3, 16 4470,0 0,0713 10,64 10,06 I ,057 17, 16 6,52 
1545, 0 o. 0346 5,53 4, 10 l ,348 -,,79 2,26 1t485, 0 o. 0652 o.o 4,8 11 o.c 4, 8 1t 4,84 
l 5h0, 0 O, 0366 11,04 6,07 I, Bl 9 13 ,43 2,39 1t 575. 0 n. 0645 o. 0 4, 71 0,0 4, 71 4. 71 
1575. 0 0,0385 16,53 a. 22 2,010 19,24 · 2,71 4590,0 0,0682 10,68 1. 0 1t 1. 51(, 14, 16 1. 4'1 
15go, o 0,0405 21,99 10,62 2.010 25, 28 3.29 4605, 0 0,0716 21, 28 11, 42 1,864 25, 60 4', 32 
l 605, 0 0,0405 16,49 9,05 l ,8.23 20,04 3, 55 11620,0 0,0747 3l,81 16, lS 1.969 37 • 36 5. '",~ 
1620.0 o. 0399 11.00 7 ,35 l ,498 14,68 3.68 4635, 0 0,0771 42, 30 21.20 1,996 49.~0 7, 10 
1635,0 0, 0375 5,51 5, 26 1,049 8t94 3, 42 4650.0 0.0768 31, 74 17, 8/ 1.776 39, 03 ' 7, 29 
f:23 
TIME AXIAL STC TEST 002 PARALLEL 
EUP srn DEF Q N SIGHAl SIGHA3 I 
4bb5. O 6. 0754 21, 19 l4, 16 l,4% 28, 29 7, 10 
4680,0 0,0733 l0,62 9, 86 1,077 16.94 6.32 SD IL MIXEU 14 ll 68 SAMPLE PREPARED 30 II 68 
4695, 0 0,0668 0,0 4,71 0,0 4, 71 4,71 
4qzo.o o. 0668 0,0 4,97· o.o 4,9-7 4,97 TE ST STARTtD 4 12 68 TEST COMPLETED 8 12 68 
4935,0 o, 0696 10,66 1.11 1,487 14, 28 3. 61 ORIGINAL LENGTH l.634IN ORIGINAi. AREA 1, 750SQ.IN. 
4950,0 0,0726 21, 25 11, 54 r ,042 25, 71 4,45 
i CONSOL IDA Tl ON PRES SURE 4965,0 0,0754 31, 79 16, 15 1,969 37, 34 5,55 10, OOPS! 
4 980. 0 0.0774 42 • 29 21. 19 I ,995 49.39 7.10 
I Nll TE s l PRESSURE LOST OUR! NG SATURATION, SAMPLE l.OAllfO BY HANGfR 
4 995, 0 0,0774 ,31, 72 17,86 1. 776 19,01 7,29 
5010, 0 0,0767 21,l6 14,15 1,495 28,26 ·7,10 2 TEST·CONT!NUED AS THIS LOADING IMPOSED STRESS LESS THAN 5PS I 
5025,0 0,0743 10,61 9.86 l,076 16,93 6,32 
'50 1+0.0 0.0682 o.o 4,78 o.o 4. 78 4. 78 · MLi ISTURE CONTENT nF COMPACTED SAMPLE O. 2556 0 ,262 5 
8 595, 0 o. 0678 0,0 6, 13 o,o ,,. 13 6, 13 DRY DENSITY OF COMPACTED SAMPLE 93.38LB/FT3 
8610,0 o, 0702 10,65 7, 68 l, 387 14,79 4,13 
8621i, 0 0,0740 21, 22 12,11 1,753 26, 26 5.03 DEGREE OF SATURATION OF COMPACTED SAMPLE 94,37PER CENT' 
8640,0 0.0767 31. 74 . 16. 65 1,.907 37.81 6,07 
IN I T!AL vn_lD RATIO o. 6974 
8655,0 0,0794 42,20 21,49 1,964 49.62 7 ,42 
8670, 0 0,0791 31, 66 18,10 l, 749 39,21 7,55 Fl NAL MO! STU?F CONTENT 0, 2693 (), 2663 1 0, 262 3 
8685,0 0,0111 21, 14 .. 14,47 l.46l 28, 56 7,42 
(.FINAL 8700,0 0.0750 !0.60 10.24 1,035 17, 31 6,71 vorn RATIO 0.6714 
8 715, 0 o, 0695 o,o 5, 23 o,o 5,23 5.23 
I T !ME 8730,0 0,0719 10,64 7,35 l ,446 14,44 3,81 AXIAL 
8745,0 o; 0756 21, 18 11, 71 l ;809 25,83 4,65 I ELAPSED OEF Q p N S IGMAl S1GMA3 
8760.0 o. 0777 31,71 16. 25 1. 951 37.39 5.68 
o,o 0,0 0,0 10,00 o.o 10,00 10,00 
8 775, 0 0,0801 42, 17 21.02 2,006 49. 13 6,97 30,0 o. 0000 1,44 10,05 o. 144 11,01 9,57 
•8790,0 o. 0801 31,62 17,70 l, 786 38,79 7, 16 60,0 0,0012 2,88 9, 30 0;310 11, 22 ~.34 
8805,0 0,0787 21.11 14, 14 1,494 28,21 7.10 90,0 0, 0021 4,32 8.48 0 ,509 11, 36 7,04 
8820.0 o. 0767 10,58 9,9,; 1,060 17,03 6-~5 
120, 0- o. 0038 5,75 1, 88 0,730 11,71 5.96 
8835,0 0,0701 0,0 5,03 o.o 5,03 5,03 150,0 0,0092 8, 58 -7,38 I, 162 13, 10 4,52 
10140,D 0,0701 0,0 I 5, 74 0,0 5,74 5, 74 180,0 0,0157. li.36 8,02 l ,417 LS, 59 4.23 
10l55,0 0,0759 21, 18 11,90 1,780 26,02 4,84 210,0 0, 0208 14, l3 9,09 1., 5~5 18, 51 4,38 
10170,0 o. 0807 '12.14 21,34 1,975 49,43 7,29 
240,0 0,0251 16, 88 10, 22 1,652 21,47 4, 59 
10185,0 0.09't8 62,23 33. 32 1.868 74.81 12, 58 270,0 o. 0290 19, 62 11,56 1,696 24,64 5,03 
10200, 0 0,1325 79, 52 46,05 l, 727 99,07 19; 55 :ioo. o o. 0360 22,26 12,66 1,758 27,50 5,24 
10215,0 0,1322 59,67 38,79 1,538 78,57 18,90 . 330,0 0, 0427 2-1 :63 15,46 I, 781 33,88 6, 25 
10230. D 0.1304 39.86 31.16 1,219 57. 73 17,87 
TIME AXIAL TIME AX! AL 
ELAPSED DEF Q p N SIGMA! SIGHA3 ELAPSED DEF 0 N SIGMAl S !GMA3 
10245,0 0,1282 19,98 22,27 0,897 35,59 15 ,61 4&5,0 o. 0504 '32,88 18, 29 1. 798 40,22 7,33 
10260.0 o. 1181 o;o 10,39 0,0 10,39 10,39 1t95, 0 0,0564 30, 13 21, 27 J.·79 3 46,68 8, 56 
10320,0 0, 17.24 20,11 14.38 1. 398 27. 79 7,68 525, 0 o. 0639 43,23 24,26 I, 781 53 • 08 9,86 
10335, b 0,1270 40,01 23,08 1,734 49,76 9,74 555,0 o. 0695 48.34 27, 27'. 1,773 59,49 11, 15 
10350.0 o. 1346 ~9.50 32. 74 · 1. 818 12 .40 u~90 1266,0 0.0790 ~3.16 30,46 ! • 745 65,90 12, 74 
10365,0 O. I 553 77,43 44, 78 l, 729 96,40 18,97 1305, 0 o. 0825 58, 25 33,09 l, 760 71,93 13,68 
10380, 0 o. 1550 58.10 37. 88 .1, 534 76.62· 18, 51 1365, 0. o. 0899 63,03 36,27' 1,738 78,30 15, 26 
!'0395, 0 0,1546 38,75 30,53 l, 269 56,36 17,61 1395.0 0,0977 67, 71 39, 27 l, 724 •84,41 16,71 
!0410,0 o. 1'524 19.43 22.02 0,882 14.97 15, 55 1425, 0 0.1068 72,18 1t2.35 1,704 90, 47 l8, 29 
10440,0 0.1431 o.o 10.84' o.o 10.84 10,84 1455,0 o. 11'54 16,59 1t5,34 1.689 96,40 19,81 
12870,0 0.1 1131 o. 0 11.93 o.o 11.93 11 .. 93 1485,0 o. 1253 BO, 78 48.39 1,669 10?.,24 n,46 
12885,0 o. 1460 19,57 15,17 l ,290 28,22 8,65 1515,0 0,1374 84,64 51.34 1,649 107, 77 23, 12 
12900,0 0.1501 38. 96 23. 50 !. 658 49, 47 10, 52 1545,0 0, 1499 88, 32 54, 15 l,631 113,03 24, 71 
12915. 0 O. I 553 58. 08 32.59 1. 782 71. 31 13. 22 1575,0 o. 1637 91, 72 57,01 1,609 118; 16 26,44 
12930.0 o. 1711 75, 81 't4. l l 1. 719 ')4,64 18,84 '" 520, 0 0.187,0 93, 85 59, 74 1,571 122,31 28,46 
12945, 0 0,1719 56,93 37_,36 1,524 75,32 18, 38 4535, 0 0, 1870 84,47 57, 26 l • 475 113, 58 29, 11 
12960. 0 0,1719 37.96 '30.39 1. 249 55,70 17, 74 4550, 0 0.1873 75, 05 54,05 l, 389 104,08 29,03 
12975. 0 O. I 701 I 9,02 22. 15 0.859 3't. 83 15. 80 't565, 0 0.1863 65; 76 50,66 1,298 94, so 28. 75 
12990, 0 o. 1603 o.o 11. 55 o,o II, 55 11.55 4~80.0 o. 1863 46,97 43, 32 1,084 74, 63 27,66 
13050,0 0,1647 19,14 14, 57 1,313 27, 34 8, 19 ~595,0 0, 1852 37,62 39,20 0,960 64,2.8 26,66 
13065. 0 0.1689 38. 10 22. 70 1,.678 48.10 .10,00 4610,0 o. 1831 18, 86 30,20 0,624 42, 78 23,92 
13080.0 0.1730 56.86 31,60 l, 799 69,50 12,64 5785,0 0.1745 o,o 19,66 0,0 19,66 19,66 
13095. 0 0.1896 74, 29 43,15 I, 722 92,67 18,38 
13110,0 0, 1885 55,80 36,60 1,525 73,79 18,00 
1312 5. 0 0, 1873 37,25 29 .. 64 l, 257 54,47 17,22 
l3l't0. 0 o. 1854 IB,67 21. 71 o.ar)o 34. 15 15.48 
132 j{). 0 0.1758 o.o 11.55 o.o II, 55 11.ss 
STC TEST 003 PARALLEL' 
MIXEO 14 11 68 
STARffO 12 68 
SAMPU:. PREPARED 30 11 h8 
TEST COMPLETED 5 12 68 
IGiflAL LENGTH 1,6281N ORIGINAL AREA l,753SQ,IN, 
CONSOLIOA,TION PRESSURE 10,00PSI 
NOTES 
I 
PRESSURE LOST DURING SATURATION, SAMPLE IOADED 8V HANGER 
TEST CONTINUED AS THIS .LUAOING IMPOSED STRESS LESS THAN SPSI 
MOISTURE ([JNTFNT OF COMPACHO SAMPLE 0,2560 0,2628 
ORY DENSITY OF COMPACTED SAMPLE 93,34L8/FT3 
DEGREE Of SATURATION OF COMPACTED SAMPLE 94,39PER CENT 
INITIAL VOID RATIO 0, 6981 
FINAL MDI STllRF CONTENT 0,2587 
I FIN~L VOID RATIO 0,6585 
TIME AX! AL, 
ELAPSED DEF Q p 
0,0 0,0 0,0 10, 00 
30, 0 0,0003 1, 16 9.'11 
60, o· 0.0010 2,89 9. 76 
90,0 0,00?0 4, 34 9,44 
120, 0 0,0030, 5, 78 9.0 1t 
150, 0 0,0078 8,63 9, 11 
180, 0 0,0139 11,43 9,73 
210. 0 0, 0180 14,23 10,66 
240, 0 o·.0221 16, 99 11,66 
210, 0 0.0269 19,74 12,90 
300,0 0,0324 22,43 13,95 
332,0 0,0387 27,86 16,56 
TIME AXIAL 
o. 2605 0,2599 
N SIGMA! 
0,0 10.00 
o. 117 10, 68 
0,297 11,69 
0,459 120 Vt 
0,639 12.89 
0,947 14,86 
1,175 17, 35 
1,335 20,14 
1,457 22, 99 
1,53.1 26,06 
l, 608 28.91 














ELAPSED DEF Q p N SIGMA! SIGMA3 
41,5, 0 0,0457 33, 19 19,30 1,720 41, 42 8,24 
495, 0 0,0516 38,48 22, 18 1,734 47, 83 9,36 
525, 0 o. 0648 43, 36 24,94, 1. 739 5:3 .81t 10,48 
STC TEST• 004 PA~ALUL 
SOIL Ml XED l'• 11 68 
TEST STARHO 20 12, 68 
SAMPLE PREPARED 9 12 6B 
TEST COMPLETED 6 I 69 
ORIGINAL LENGTH 1,6681N ORIGINAL AREA l,750SQ,IN, 
CONSOLIDAlION PRESSURE ·9, 76PSI 
NOTES I SLIP PLANE JUST VISIBLE HHEN LOAO INCREASED TO lSOl8 
? CREEP DEFORMATICJN OF 0,065 UNDER I.DAO OF l50LB FUR TWll DAYS 
HOISTURF CONTENT OF COMPACffD SAMPLE 0,265? 
DRY DENS'!TY OF COMPACTED SAMPLE 93,81LB/FT3 
0,2517 
DEGREE OF SATURATION OF COMPACTrn SAMPLE 95,21PER CENT 
INITIAL VOID RATIO 0,6895 
FINAL MOISTU~F CONTENT 0.2571 
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T 1•1~ AX! AL T !ME AXIAL 
EL AP SEO DEF Q N S IGMAI SIGHA3. ELAPSED DEF Q N SIGMA! S IGMA3 
5845, 0 0,0268 .?.133 5, 42 0 • 52 2 7, 30 ,,.4 7 20315, 0 o. 0817 58, 71 11. 89 I. 841 71,03 12. 32 
14370, O 0,0235 o.o 5. 4 3 o.o 5,43 5 .,,3 20325.0 0, 0814 53,39 30, 12 1. 773 65.71 12,32 
14385, 0 0,0241 5.67 5, 88 0.96 1, 9,66 3,99 20335.o o. ·oso1 42, 74 26. 1t9 1. 613 5 1t .90 12,24 
14400,0 0.0262 l L. 32 7, 53 1,50 1, 15,07 3. 75 20345,0 0.0192 26,7~ 20,52 1,304 38,36 11, 60 
14415,0 0, 0280 16,95 9,64 1,158 20,94 3,99 20355,0. 0,0782 '16, 07 15.92 1,010 26,61 10,56 
14430,0 0,0295 19,74 10, 73 1,839 23, 89 4,15 20365,0 0,0769 10, 73 13 ,42 o. 800 20,57 9,84 
14445, 0 0,0311 22, 53 11,90 I, 893 26,92 4,39 20375,0 0,0747 5, 38 10,59 0,508 14, 18 8,80 
14460, 0 0,0317 23,92 12,61 1,897 · 28,55 4,.63 20385,0 0,0734 2,69 9,22 0,292 11;01 8, 32 
14475. 0 0,0335 25.ZU 13,22 1.912 30 ,07 ,, • 79 21405,0 o. 0699 0, 0 .7. 60. O,O 7; 60 7. 60 
14490.0 0,0344 26.66 13.92 1,915 31, 69 5,03 21420, 0 0,072B 16, 17 10,98 1,472 21. 76 5,59 
14505,,0 0,0356 2n. 02 14,54 1,928 33, 22 5. l 9 21435,0 0,0785 37 ,49 20.31 1,844 lt5 0 33 7, 84 
14520, 0 0, 0368 29, ')9 15, 15 I, 940 34, 74 5.35 21450,0 0, 08 33 53, 28 28, 16 1,892 63. b8 10,40. 
l<t535, 0 0,0381 30,75 15,92 1,931 36, 42 5,67 21465,0 o .. os 1t9 58.50 30, 86 1,896 69,87 11, 36 
14550,0 0, 0390 32,12 16,54 1,942 37,95 5,64 21480,0 ·0,0881 63,60 33, 84 I ,'879 76,24 12,64 
1'+565. 0 0 ,Ott 14 33,43 17,30 1,932 39,58 6, 16 21495,0' 0, 09 l 9 68,61 36,95 I, 857 82, 69 14,09 · 
14575, 0 0, 0414 27,86 l 5, 52 1,795 34 ,09 6, 24 21510,0 0,0977 73,41 39, 92 I, 839 88,86 15,45 
l't585. o o. 0405 ,22.11 13, 83 1.613 28, 70 6.40 21525,0 0,1042 78,09 42,92 1,819 94,98 16,89 
14595,0 0,0399 16, 74 11,90 1,407 23,06 6, 32 21685,0 0, 1085 77, 72 43, 04 I, 806 94 • 85 17,13 
14605, 0 o. 0387 11. 17 9, 72 1, I 50 17, 17 6,00 22380, 0 O, l 1·08 77, 52 'd.05 1,801 9 1,. 73 17,2 I 
14615, 0 0,0378 5,59 7, 46 0. 750 II, 19 5. 59 23100.0 o. 1108 77,52 '•2-'t9 I, 824 9f-t,17 16,65 
14625,0 0,0338 0,0 4,63 o,o 4,63 4,63 24315,0 0,1114 77,46 41. 91 I, 848 91.55 16,09 
14750,0 o. 0338 0,0 5, 03 0,0 5,03 5,03 24610,0 0,1114 77,46 41, 19 1,881 92, 83 15,37 
15660,0 0,0359 11, 21 7, 17 1,563 14,64 3,43 •, 24630,0 0,1111 72,32 39,64 1,825 81,85 15, 53 
15675, 0 0,0396 22, 33 11,84 1,886 26, 72 4,39 24640, 0 0, 1114 67, 13 38,23 1, 756 82, 98 15 ,85 
15690, 0 0,0417 27,85 14,40 I, 934 32, 96 . 5, 11 25695,0 0.1101 41,37 30,92 1,338 58,.50 17,13 
15705,0 0,0451 33,30 17,17 l .939 39, 37 6,08. 25705,0 o. 1101 41,37 30. 4'i 1·,359 58.02 16,65 
\5720,0 o. 0463 36. 03 18,56 I, 941 1,2. 58 6. 56 25715, 0 0, 1082 25, 92 2 1,. 01 1,080 · 1.i.20 15,37 
15735. O 0,0485 30, 71 19,94 l .Y 1: l 45, 75 7.,0ft 25760,0 0. 10 59 15, 59 18. 32 o. 8.51 28,71 13, 12 
15750,0 0,0510 1tl, 3 -r 21,47 1,927 ,,9.04 7 ,._68 25770, 0 0.10 1,9 10,40 16,27 0,639 23, 21 12,80 
15765,0 0,0538 44,00 22,90 1,921 52. 23 8,24 25780,0 o; 1032 5, 21 13,50 0,386 16,97 11. 76 
15925. 0 0,0556 43,91 22, 71 1,933 51, 99 8,08 25810, 0 0;0990 o.o 9, 76 0,0 9, 76 9, 76 
15935,0 0, 05 56 41,16 21, 88 1,881 49, 32 8, 16 
1594•:;.o 0,0556 38. 42 20,96 I, 833 46. 58 8, 16 
15955. O 0,0550 32,95 19, 14 1. 721 '• l 11 11 a. 16 
15965,0 0.0547 27 ,4 7 17, 31 I, 587 35, 63 8, 16 
15975.0 o. 0544 21,90 15. 41 l •'t27 30,06 8,08 
TIHE AXIAL 
ELAPSED DEF Q p N SIGHAI SIGHA3 
15985,0 0,0534 16,50 13, 18 I, 252 24, 18 7 ,68 
15995,'o 0,0519 11,02 10. 87 1.014 18,22 7, 20 
16005. O o. 0507 8. 28 9, 72 0.852 15,23 6.96 
16015.0 0,0513 5. 51 8, 31 0,66J 11,99 6. 11£1 
1602~). 0 o. 0488 2.76 6, 84 0 .. ,1()/t a. 68 5. 92 
16190,0 0, 0463 o.o 5, 59 0,0 5,59 5,59 
19845,0 o; 046o o. 0 6,24 0,0 6,24 6,24 
19860,0 ·0.0491 16,58 10,08 1,645 · 21. 13 ·4. 55 
19875,0 0,0522 27, 54 14,78 1, 86lt 33, 14 5,59 
I 9890, O 0,0559 ·30.,~1 19,92 1,928 1t5. 52 1.12 
l 9905. 0 o. 0568' 41.11 21,22 I. 9]7 1t8.63 1.52 
19920.0 o. 0587 43,76 22,59 1.938 51. 76 o.oo 
19935.o o. 0593 46.'t7 23,97 l ,')]9 54, 95· 8. 1t1:i 
19950, 0 0,0618 49,07 ·25,48 1,926 58, 19 9,12 
19965,0' o. 0640 51., 68 26, 83 1,926 61,28 9,60 
19995, 0 0,0669 54,23 28,32 1,915 64,47 10,24 
20005,0 0,0672 51,50 27,25 I, 890 61, 58 10. 08 
20015.0 0, 06 7 5 48,78 26,42 1. 8 116 58,94 10. 16 
20025.0 0,0669 41.)9 2't• 10 l. 756 53,63 10. 2ft 
20,03S.o o. 0665 37.'!8 22,74 I. 6-,0 1t8.06 10,08 
20045. 0 o. 0659 27. 11, 18, 81 l. 1, 1d 36,90 c,. J6 
2oos~.o 0,0647 16, 31 14,48 I, 127 25, 35 9,04· 
20065,0 o. 0634 10,89 11, 95 0,911 19,20 8, 32 
20075,0 0,0615 5,45 9,42 0,579 13, 05 7,60 
20130, 0 o. 0559 0,0 6, 16 .o.o 6. 16 6, 16 
20145, 0 o. 0602 16,39 10. 26 1,598 21, 18 't. 79 
20160. 0 0. 0652 32.60 17,18 l. B'J7 18 ,91 6~ 32 
20175.0 0,0674 43.J6 22. 21 L. 952 ~) 1. 12 7 • 76 
20 I 90, O o. 0691 411.70 24,87 1,958 57 ,33 o. 64 
20205.0 o. 0703 51, 33 26,31 1,9:,l 60,53 9,?.q 
20220,0 0,0712 53 ,98 27,75 1,945 63,74 9,76 
20235,0 0,0731 56,56 29,25 I, 933 66,96 10,40 
20250,0 O, 0750 59, 13 30,83 I, 918 70,25 11,12 
20265, 0 0,0782 61,61 32, 30 1,907 73, 37 11, 76 
20295.0 o. 0817 6 1toO't 33 ,83 I, 893 76,53 12, 48 
20305.0 0,0817 61.37 32,86 1,868 73, 78 12. ,,o 
'726 
STC TEST- 005 PARALLEL TIME AXIAL 
ELAPSED DEF Q N S IGMAI S ,I ~MA3 
1695, 0 0,0124 47,99 23,52 2,040 55,52 7,53 
SO IL Ml XEO 14 l1 68 SAMPLE PREPARED 8 l 6q 1110;0 0,07.6~ 50,44 24,02 2.100 57 ,6S 7,21 
1740,0 0,0819 52, 78 24,00 2,128 59,99 7 ,21 
TE ST STARTED 22 l 69 TEST COMPLETED 25 I 69 1 755, 0 0,0~25 52, 74 24,95 ~.114 60, 11 7, 37 
ORIGINAL LENGTH 1,548IN ORIGINAL AREA I, 755SQ, IN, 1785,0 0,0832 52, 70 25,42 2,074 60.55 7 ,85 
1821,0 o. 0835 52,68 25,57 2,060 60,69 8,01 
CONSOLIDATION PRESSURE 9,45PSI I 1930,0 0, 0846 ·52,63 29,23 1,800 64,32 
11,69 
UNLOADING I 27't5,0 0,0856 52.'57 29,46 I, 785 64.50 11,93 NOTES 1 SAMPLE STOOD FOR· SOME HOURS UNDER LOAD BEFPRE 
I 2755,0 0,0856 49,94 28,18 . 1,772 61,.47 11, 53 
, MOISTURE CONTENT OF COMPACTED SAHPLE 0,2583 0,2523 2]65, 0 o. 0859 47,29 26,90 I, 758 58,43 II, 13 
2775, 0 o, 0856 44,68 25,87 I, 727 55,65 10,97 
ORY DENSITY OF COMPACTED SA~PLE 94, 05LB/FT3 2785, O o. 0849 · 42,09 24.,92 I, 689 52,98 10,89 
OEGREE Of SATURATION OF COHPACTED SAHPLE 94,63PER CENT 2795, 0 o.· oasz 39,44 23, 72 1,663 50,01 10,57 
2835, 0 0,0846 36,84 22,45 1,641 47,01 10, 17 
INITIAL VOID RATIO 0,6853 2855, 0 o. 0846 34,21 21, 17 1,616 43,98 9, 77 
2865, 0 0,0842 31,59 · ,20,46 1,544 41, 52 9,93 
FINAL M.O I STURE CONTENT 0,2625, 0,26~6 0,2594 
2875,0 0,0842. 28,96 19,66 1,473 38,97 10 ,Ol 
FINAL VOID HATIO 0,6628 4255,0· o,0842 26,32 19,03 l, 384 36,57 10, 25 
'4265, 0 o. 0836 21,07 17,36 1;214 31,40 10,33 
4275,0 , 0,0829 15,82 15,36 1,030 25,91 10,09 
TIHE AXIAL 
ELAPSED DEF Q p N, SIGHAI SIGHA3 4285,0 0,0822 10, 55 13, 13 0,804 20. 16 9,61 
' 4295,0 0,0808 7,93 12,11 0,651 17,46 9,53 
0,0 o.o 0,0 9,45 0,0 9,45 9,45 4305+0 0,0808 6,61 11,65 0,567 16,06 9.45 
10,0 o. 0000 1,44 9,53 o. 151 10,49 9,05 4315,0 0,0805 5,29 10,73 o ... 493 '14, 26 , 8,97 
20,0 0,000,6 2,87 9,21 0,312 11, 12 s.2s 
50, 0 0,0016 4,30 8,00 0,538 10; 87 6·,57 · 4325,0 0,0795 3,97 10;29 0,386 12,94 8,97 
4335, 0 0,0785 2,65 9,69 0.'273 II, 46 8, 81 
60,0 o·,0031' 5,73 7,92 0,724 11, 74 6,01 4345,0 o, 0775 I, 33 8. 85 o. 150 9. 73 8,41 
70,0 0,0056 7,15 7,43 0,96? 12, 19 5,04 4355, 0 0,0764 o,o 8,33 0,0 8,33 8,33 
90,0 o. 0088 8, 55 1.01 1 • 219 12,71 4, 16 • 
105,0. 0, 0110 9,95 7, 24 1,374 13,87 3.92 
120,0 0,0141 11,33 7,54 1,503 15, 10 3,76 
135,0 0,0164 12, 72 7,92 1,606 16,41 3.68 
150,0 0,0186 14, 10 8,30 1,698 17, 71 3,60 
165,0 0,0218 15,47 8, 76 1,766 19,07 3,60 
TIME · AXIAL 
ELAPSED DEF Q p N SIGHAI SIGHA3 
210,0 0, 0253 16, 81 9, 13 1. 842 zo.33 3,52 
225,0 0,0288 19,54 10; 12 ·.1,932 23,14 3,60 
250,0 o. 0346 22, z'o 11,56 1,920 26, 36 4,16 
450.o o. 0356 22.18 13,0Q 1,706 27, 78 5,61 
1290,0 0,0362 22,16 12,67 1,749 2'7,45 5,28 
1295, 0 .0,0362 22, 16 12, 27 1·,eo6 21,05 4,88 
1305,0 ci,0362' 19,39 11,27 I, 721 24,20 4,80 
1315, 0 o, 0356 '16,6'3 10,03 1.659 21, 12 4,48 
1325,0 0,0359 13,86 8,94 1,550 18, 18 4,32 i 
1335, o, 0,0349 11,10 7,9.4 ·1;397 15,34 4,24 
1345, 0 0,0349 8,32 6,86 I, 214 12, 41 4,08 
1355,0 0,0336 6,94 6,40 1,085 11,03 4,08 
1365,0 0,0336 5,56 5,86 0,949 9-,56 4,00 
1375, 0 o. 0330 4,17· 5, 55 0,751 8,33 4, 16 
1385,0 0,9321 2,78 5,09 0,546 6,94 4,16 
1395, 0 o. 0320 1,39 4,47 0, 311 5, 39 4,,00 
1425,0 o. 0304 0,0 3,68 0,0 3.-68 3,68 
1435,0 0,0304 1,39 3, 91 ·0,357 4,64 3,44 
1445, 0 0,0310 2,79 4,05 0,688 5, 91 3.12 
1455, 0 0.0310 4,18 4, 27 rf,977 7 ,06 2,88 
1465, 0 0,0314 5,57 4,66 l.!96 ·8, 37 2,80 
1475,O 0,0320 8, 35 5, 50 1,517 11 ... 01 2, 72 
1485, 0 0,0327 11, 12 6, 27 1,774 13. 68 2,56 
1500,0 0,0339 13,88 7, 19 1,931 16,45 2,56 
1515, O 0,0352 16,64 8,35 1,993 19,44 2.00 
1530, O 0,0362 19,39 9,51 2,040 22,43 3,04 
1545, 0 0, 0375 22,13 10,58 2,092 25,33 3,20 
l 560, 0 o. 0395 24,85 12,05 2,063 20.61 3. 76 
1575,0 o. 0420 . 27,54 13, 18 2,089, 31, 54 4,00 
1590,0 0,0460 30,17 14, 70 2,052 34, 81 4,64 
1605,0 o, 0496 32, 78 15. 97 2,053 37,83 -~.04 
'1620,0 0,0532 35,38 17,40 2,034, 40,99 5,6_1 
1635,0. 0.0575 37,93 18,81 2,017 44, 10 6, 17 
1650,0 0,0614 40,47 20,22 2,002 47,19 6, 73 
1665,0 0,0647 .43,01. 21, 22 2,027 49,90 6,89 
1680,0 0.0684 45. 52. 22,54 2,019 52,89 7,37 
. r~27 
S TC TEST 006 PERPENDICULAR . T !ME AX! AL 
EL AP s~u DEF Q p N SIGMA! SI GHA 3 
1875,0 o.oaz9 78,18 45, 07 I, 735 97,19 19,01 
SO 11 Ml XEU ?O 69 SAMPLE PREPARLU 11 2 69 2020.0 0,0852 77,99 1t5.91 1,699 97,90 19,01 
212 5, 0 0,0858 77,03 46. 22 I, 686 98. 17 20.24 
TEST STARTED 19 2 69 TEST COMPLETED 21 2 69 2140.,0 o.oseo '82,92 48,46 1,711 103,74 20. 82 
nRlGINJ\L LENGTH I, 6411 N ORIGINAL AHEA l. 71.,')SQ. IN. 2;u.o.o o. 0916 f32. 60 49,19 1,679 l 04, 26 ?l. 66 
~ ( H't5, 0 0,0935 B2 ,43 lt8, 87 I, 687 103,B3 21,40 
CONSCIL IDAT ION PRESSURE \0,24PSI 3 ooo. 0 0,0930 82,40 48, 80 1,688 103, 73 21, 33 
3010·.o 0,0938 77,25 46,95 1,645 98,45 21, 20 
NOTES AFTER CONSOLIDATION ~AMPLE STOOD UNDER NO LOAD FDR FIVE DAYS 
3020. 0 o. 0938 72,10 45,37 l, 589 g3, 43 21, 33 
2 PORE HATER PRESSURE LJLLREASED BY l,29PSI .l030, 0 o. 0938 66,95 ,,3. 65 1,534 H8,28 21, 33 
3040, 0 0,0935 61, 82 41, 62 l, 485 82,83 21,0 l 
MOISTURE CONTENT OF COMP.ACT.ED SAMPLE 0, 2619 0, 260 5 .3050,0 0,0935 56,67 39,84 1,423 77, 62 20,95 
DRY n~NSITY OF COMPACTFO SAMPLE 9·4,06lll/FT3 3060, 0 o. 0929 51,55 37 ,87· I, 361 72, 24 ?O. 69 
J 1 sO. 0 o.oqz6 41,26 33, 15 1,245 60,66 19,40 
OEGRE:E OF SATURATION OF COMPACTED SAMPLE 96,85PER CENT 3160,0 0,0913 30. 99 29,08 1,065 49,74 18, 75 
3170,0 0,0903 
INITIAL VOID RATIO o. 6850 
20,68 ,23,84 0.867 37.63 16,95 
3180,0 o. 0890 15,53 21,16 0,714 31,"51 15. 96 
FINAL MOISTURF CONTENT 0.2701t 0, 26 75 0,2611 3190.0 0,0880 10.37 18, 15 0. 571 25, 06 14,69 
3200, 0 0,0848 5,20 14, 94 0,348 18,41 I 3,·21 
Fl NAL VOID RATIO 0,6712 3210,0 0,0832 2,61 13,24 0 .! 97 14 ,97 12.37 
3220,0 0,0819 o.o 11, 27 o.o 11,27 11,27 
T !ME AXIAL 3250,0 0, 0813 o.o 11,08 0,0 11.oa 11,08 
EL AP SEO DEF 0 p N S IGMAl S IGMA3 
o. 0 0,0 0,0 10,24 0,0 10. 24 10,24 
10.0 0,0012 1. 1.2 10.20 0, 139 11.14 9, 72 
;:o. o 0.0012 2,84 10,09 o.281 I I. 98 9,14 
30.0 0,0009 4,26 10,05 0,424 12,89 8,63 
40,0 0.0021 5;67 9.61 0,590 13, 40 7, 72 
"iO.O - • 0239 7.27 9.38 0,776· 14,22 6,95 
60. 0 0,0026 8, 50 9. 20 0,924 14, 87 6,37 
'120,0 0,0029 8, 50 a. 75 0,971 14, 1-t2 5,92 
130,0, 0,0031 9,91 9,03 1,098 15, 64 5,73 
145,0 0,00't9 11.31 9,17 1,233 16, 71 5 .. 40 
160,0 0,0061 12. 71 9.25 1.37', 17. 72 5.02 
175,. O 0.0073 14, 10 9,65 1,',61 19,06 1t,95 
TJI-IE AXIAL 
ELAPSED DEF Q N SIGMA! SI GMA3 
190, 0 0,0114 16,85 10,57 1,595 21 ,81 4,95 
255.0 ·0.0126 16,83 I 0, 56 1 .. 59'• n.-,8 4,95 
270,0 Oo01'1't 19,60 ll",68 I .679 24,75 5, 14 
285,0 0,0171 22,34 12, 85 1,739 .27,75 5,40 
300,0 a. 0201 25,04 14,07 l, 780 30,77 5,73 
315,0 0,02't6• 27. 72 I 5 ,35 1,806 33, 83 6,11 
360,0 0.02,,9 27. 71 15, 15 1,828 33, 63 5,92 
375,0 0,0273 30,40 16,44 1,849 · 36. 71 6,31 
405,0 0,0279 30,38 16,43 1,849 36,69 0·, 31 
425,0 0,0298 33. 08 17. 85 1,854 19, 91 6. 82 
4,,u.o 0.03]1 35,72 19,31 1,850 1t3.l2 7 •'tO 
455,0 0,0352 38, 38 20. 58 1,865 1 6.17 7, 79 
470,0 0;0395 40,94 22,08 1,854 49,37 B, 1t3 
41:l'i. O o. 04 l 9 1t3.56 23. 66 l.841 52,70 9, 14 
500,0 Q.Q44 1t 46,16 25,11 1,838 55. 89 9,72 
605, 0 0,0462 ·46, 07 25, 79 1,706 56,51 10. 1,3 
750, 0 0, 0469 46.04 25,91 1,177 56, 61 10, 56 
1475,0 0,0472 46,03 25,45 l.808 56.14 10.11 
1495. O 0,0475 Ld~ 31 24. 74 1,750 53,61 10. 30 
1505, O 0,0481 )7 I 87 22, 80 1,661 40.04 10, 18 
· 1515, 0 0,0472 32,49 20,94 1,552 42,60 10.11 
1535,0 0,0't69 32,50 20,94 l, 557 42,61 10, ll 
1545. 0 0,0 1t12 27,08 19,0l l ,42 1t 37 ,06 9.98 
1555,0 0,0466 21,67 16,95 1,279 Jl • 1t0 9, 72 
1565, 0 o. 0472 32,49 19,97 l,6p 41,63 9, 14 
1695.0 o; o4 75 43. 31 24, 16 1,793 53 ,03 9,72 
1710. 0 0, 0 1t 78 54. 12 28,\5 1,922 6 1t • 23 10.11 
172~.I) o. 052 1t 53; 05 29. 1t8 1,827 65,38 11. 53 
I 740, 0 0,0580 58,89 32,19 1,829 71,45 i"2,56 
1755,0 0,0639 63, 84 35,45 I .801 78.01 14, 17 
l 705. o 0,064') 63. 77 35. 88 I, 777 (B,40 l't.63 
1800. o o. 0693 60. 76 38, 19 1.000 'fllt- 03 15 .. 27 
1 Bl 5, 0 o. 0699 68,72 38, l B 1,800 83,99 15, 27 
1830.0 o. 0702 68. 69 38,62 1,779 84, 4\ 15, 72 
18 1t5. o 0,0747 73,62 'tl.49 l, 775 90,51' 16,95 
1860,0 0.0020 78,26 1t 1t.32 1. 766 96, 50 18,24 
STC TEST 007 PERPENDICULAR 
~fill MIXl-t: 2r) 69 SM\Pl[ PREPARED 22 2' 69 
TicST STARHO 24 2 69 TEST COHPLETEO 25 2 69 
ll!< IGlNAL LENGTH 1.6421N DrdGl~JAI Aq[,l\ t. 7&9SQ. IN. 
CONSOLIDATION PRESSURE 7,o,rsr 
NOTES PORF. PRESSURE RESPONSE SEEMED SLUGGISII 
? VAL UL S 0~ f' TOWARDS END OF TEST TOO LOI< 
MOISTURE CONTENT OF COMPACTED SA~PLE 0,2559 
nPY OFNSITY llF COMPACTED SAMPLE 93,Y3LB/fT3 
0,2564 
DCGRtt OF SATURATION OF COMPACTr.O SAMPLE 94,64PER CENT 
INITIAL VOIO RATIO 0,6874 
IINAL MUJSTUPL CONTFNT 0,2772 
































































































STC TEST 008 PcRPtNU!CULAF 
Stlfl l•'.IX!--1\ 20 6'J SA/\Plf. Prtl:PAq t:D ?.:? 2 6° 
HST STARTED 2 1, 2 69 TEST CO~PLETED 25 2 69 
tWIGINAL lENGTH 1,6371N f'!llGINAL ARFA 1.772SQ.lN, 
CONSOLIDATION PRESSURF 5,42PS! 
NO Tf S l DEFl1R,'1EO 511/\PE cone AVE' ~ETr;E["l Pl NS 
MOISTUPF CONTI NT nr COMPACTED SAHPLf 0,2547 
ORV ,DENSITY DF COMPACTED SA~PLE 94,34LB/FD 
a. 2 Sa 7 
DfGREE nF SATURA Tlllf.! OF lll~PAC TUJ SA'·H'LE 95,89PfR CF"JT 
INITIAL VDIO RATIO 0,6801 
FINH ~<llSTURF CONTI NT 0,2739 
+INAL VOID RATlll 0;6987 
T !ME 




















0, 005 8 
o, 0084 
0,0119 
0, Ol 74 
0, 02 30 






































1, 6 1t0 
l ,661 
1,692 

















































, 285, 0 
300. 0 





























































l l ,85 
14, 10 







































































































1 00,0 o. L069 
415, o O, l l ',l 
445,0 0.1299 












































































1t1. l 7 
't 7. 01 
46, 78 
46. ll 
4, •• 63 























































87 • O(J 
83, 31 
78, 52 

































l 5, AIJ 
14,97 
13,93 
I 3. 10 
11, 81 
fi:'2.f~ 
STC TEST 009 PERPEND I CUlAR TIME AXIAL 
ELAPSED OFF Q N S IGMAI SIGMA3 
1S85.0 o. 1092 11. ?O 16,66 0,851 57. 46 ?1 .. 26 
SOIL MI XEO 69 SAMPLE PRHARED 2 1 69 l 595. 0 0.10 14 20,84 )2,97 0, 632 46. 86 26. 02 
1605,0 0, 1052 · 10, 45 26, 86 D, 389 33, 82 23.38 
TE ST STARTED 14 3 69 TEST COMPLETED 15 1 69 1615, 0 0.1034 5, 23 23, 76 0,220 27, 25 22, 01 
ORIGINAL LENGTH 1,5791N ORIGINAL AREA I, 762S<!, IN, 162 5, 0 0, 1009 o. ()' 19, 93 o.o l9,9J 19,93 
1635,0. 0.1006 0,0 19, 69 0,0 19,69 19,69 
CONSOLIDATION PRlSSURF 19, 21PSI 
NOTES I VERY UNIFORM DEFORMED SHAPf, ND S.1 f P PLANES VIS l,Bl E STC Tl ST OlO PERPENUl CULAH 
MOISTURE CIJNTENT UF COMPACTED SAMPLE 0,2610 o, 2631 
DR,Y DENSITY OF COMPACTED SAMPLE 93. 1t3l B/FT3 SO IL MI xrn 3 69 SAMPLE PREl-'/\RrO 15 3 69 
01::GREE nF SATURATION OF COMPACTED SAMPLE 95,5BPER CENT TE ST STARTED 18 3 69 HST COMPLETED 19 3 69 
INITIAL VOID PATIO o .. 6964 CW IGINAL LENGTH I, 6451 N ORIGINAL ·AREA I, 762Sil, IN, 
Fl NAL MOISTURE CONTENT 0,2537 o. 2 504 0,2430 CONSOLIDATION PRES5URE 14, 81 PSI 
FINAL VOID RATIO 0,6266 NllTES SOME SLIGHT L1AI\RELL ING IN OHORMF ll SHAPf 
SL! P . PLANE AT DEFORMATION OF 0, 1004 
T 11\E AX! AL 
EL AP SEO DEF 0 r N SIGMA! SI GMA3 HU I STURl <;ONTENT OF COMPACTED SAMPLE 0 • 25 1,7 0,2529 
0,0 0,0 o. 0 19,21 0,0 19,21 19,21 DRV•DENSITY OF COMPACTED SAMPLE 94, 04LB/FT3 
10,0 - .0000 1,46 19. 22 0,076 20, 19 18.13 
20,0 0,0010 2 .92 19, 30 0,151 21, 2 1t 18,33 OEGR EE llf SATURATION OF COMPACTED SMtFJLE 9 1t.08PEH CENT 
30,0 0,0003 4,30 19.15 0,229, 22 ,06 17,69 
INITIAL VOID RATIO 0,6854 
40,0 0.0006 5, U3 19,07 0,306 22,96 . 17, 13 
50,0 0,0010 L29 19,00 0,384 23. 86 16,57 f I NAL MOISTURE CONTENT 0,2590 0,2690 0.2563 
60,0 0, 0016 8, 74 18, 52 0,472 24,35 15,~l 
10, 0 0,0016 10,20 1B,52 o. 551 25, 32 15,12 FINAL varn RATIO 0,6555 
80,0 0,0016 11,65 18,61 0,626 26, 38 14, 72 
90,0 '0,0026 lit, 55 .18,69 o. 779 28,40 13,84 T !HE ·AXIAL 
... 105, 0 0, 0039 17,44 1B,9,4 0,921 30, 57 13, 12 ELAPSED DEF Q p N SIGMA! SIGMA3 
120,0 0,0058 20,31 19,49 1,042 33 ,03 12, 72 
o. 0 o.o 0,0 11t. 81 0,0 14,01 l't. 81 
19,0 o. 0003 l, 41t l't,49 0 ,09') 15, 4 1t 11, .. 01 
34,0 0,0003 2,B7 14, 73 0, 195 16,64 13, 77 
85.0 0, OOOJ 11·:31 14, 16 0,304 17,03 12, 73 
101.0 0, 0009 .... 74 1'1·.00 O, 410 17 ,82 12.09 
T IHE AX! AL . 113,0' 0,0016 7,17 14, 00 0,512 
18, 77 11,,61 
EL AP SEO DEF Q p N S IGMAI SI GMA3 130,0 
0,0028 0. 59 13, 27 0,647 18, 99 10,40 
143, 0 o.ooia 10. 01 13, 58 o, 737 20. 26 10. 24 
135,0 o. 0087 23, 14 20, 28 1,141 35, 71 12,56 
150,0 0,0107 25,99 21.22 I, 224 38, 55 12,56 160, 0 
0,0041 Ll. ft4 13,42 0,853 21,04 9,60 
165,0 0,0113 25.97 21,14 1.-229 38. ,,5 l 2. 1t8 
182,0 0,0075 14.·25 13,95 1,021 23, 't5 9,20 
183,0 0,0139 28. 78 22. 31 1,290 . 41. 50 12,72 193,0 o.0110 
17, 04 l'to 72 I, 157 26,08 9.04 
206, 0 0.0151 19,l.1O 15,32 l, 292 28, 52 o. 72 
195,0 0,0152 31,61 23,50 1. 345 44,58 12, 96 
210, 0 0,01 7H 3 1t. 1t0 2 1,,91 1,381 47 .u,, 13.44 TIME A'XI AL 
225,0 0,'0188 3 1t. 36 24. 82 I, 385 47,72 13,36 ELAPSED OE F ij N S IGMAI SI GMA3 
240,0 0,0205 37, 16 26,15 1,421 50,93 13,76 
. 270, 0 0,0199 22,52 16,39 1,374 31, 40 8,88 
255.0 0.02 31 39, 91 27,63 I, 445 54. 2 1, l't. 32 289, 0 0.0230 2'::i. 2 5 17,78 I, 420 34. 61 9. 36 
270,0 0,0254 42,66 29, 11 1,466 57,55 1'1.88 299,0 0,0266 21. 95 I B, 76 1,490 37 •'IO 9,44 
285, 1' '0,0281 45,35 30,48 t ,'488 60, 72 15,37 319,0 0,0307 _rn. 62 20,29 I, 509 4'0, 70 10,08 
300, 0 o·,0310 48,,07 31, 95 l ,505 64,00 15, 93 
336, 0 0,0349 33,25 21, 49 I, 547 43.66 10. 40 
315,0 0.033,, 50.78 3 3.49 I, 516 67.35 16, 57 '116. 0 0,0398 35.84 23,31 l • 537 47, 71 11. 37 
~32,0 o. 0364 53,43 34,94 I, 529 70,56 17, 13 1f35.0 o.041 1, rn. 54 2 1,.13 1,591 49,82 11. 29 
345, 0 0,0367 53,42 34,93 1,529 70,54 17, 13 446, 0 0,0453 41, 12 25. 79 I, 594 53, 21 12 ,09 
360,0 o. 0307 56cll 36, 47 I, 538 73. 80 17. 77 
480, 0 0,05IU 't3• S6 27,65 I, 576 56.69 13, 13 
375,0 o, 04'07 58, 79 38, 17. 1. 5 1,0 77, 36 18,57 498,0 0,0555 1t6.l 1 28, 90 I, 596 59.61t I 3, 53 
390,0 0,0434 61,,,2 39,76 I, 545 80, 71 19,29 521, 0 0.0614 48, 51 30, 10 1,.612 62, 44 13,93 
1,20. 0 0,0467 63 ,99 41,10 1,557 83 • 76 19, 77 537, 0 0,0657 50,97 31, 80 I, 603 65, 78 14, 81 
1t35. 0 0,0401 6&.67 ,,z. 72 I, 561 87, 16 20.,,9 
555, 0 · 0.012 1, 53.27 B.53 1. 589 69.(Jlt l '>. 77 
450,0 0,0555 71,67 45, 98 I, 559 93, 76 . 22,09 570; 0 0,0781 55,59 34,62 1,606 71, 68 16, 09 
1165,0 0,0613 76, 71 1t9. l0 1,562 100.·2 1t 21."54 612.0 0,0845 57,83 36. 33 1,592 74,88 17,05 
430,0 0,0664 81. 73 52,46 I, 558 106.95 2:5. 22 630,0 060907 60. 06 17 •'t7 I, 601 77,Sl 17.45 
495,0 0,0750 86, 38 55. 69 1.551 113, 28 26.90 
648, 0 o. 0979 62, 17 38,98 1.595 80,43 18, 25 
510. 0 o, 0823 91, 06 58.85 I, 547 119,56 28,50 685,0 o. 1182 65,83 42, 28 I, 557 86, 17 20. 34 
525.0 0,0897 95, 64 62, 14 I, 539 125,'JO 10. 26 706,0 o. 13Z3 69. 77 1t 1t. 23 I, 571 90. 71, 20.98 
560, 0 0,0918 95, 42 61, 83 I ,543 125. ,,,. 30,02 1389, 0 0.1405 69. 11 1t5 .18 I, 510 ql. /IS 22, 74 
585.0 o. 0989 99. 94 65. 26 I, 531 131, 88 3l,95 
1399, 0 o. 1405 59, 23 42. 24 I, 402 81, 73 22,50 
605. 0 o, 1070 101t.2:4 68. 38 I, 525 137,07 .33.63 1'114.0 0. 139B 49. 110 JB.97 l, 298 71,90 n. 50 
780. 0 o, 1106 l03,H2 67,43 I, 540 136, (,5 32,B3 1 1t29. 0 0, l 3n7 29. 68 31, 5 l 0 ,942 51,30 71,62 
790, 0 0, 1106 98,63 65,70 I, 501 131. 46 32 ,83 1439, 0 o. 13 58 14, 89 24. 26 o. 614 34, 18 19,30 
"Wt), 0 0, II 06 93. 44 64,37 I, 452 126, 67 33,23 
11,51.0 0.131~) ,,. 99 18, 1 s. 0, 27'> 21. ,,n 16.'t? 
dll),Q o, 1106 83,06 60, 59 I, 371 115, 97 32, 91 1466,0 0, 1269 n. 0 1 1,, 09 o,o 14,0<J 14.09 
82•J, 0 , 0, i I 13 72, 62 56, 63 I. 282 105,04 32 ,43 
. 830, 0 0, 1095 51, 97 ,.7.99 1,083 82, 64 30,66 
tF•O,O o, 1092 31, 20 38,66 0,807 59, 1,6 20 .26 
F30 
STC TEST 011 PERPEND! CUL AR 
STC --TEST 012 PARALLEL 
SO IL MIXEO" 69 SAMPLE PREPARED 15 3 69 SOIL· MIXED 18 3 69 SAMPLE PRE PARED 19 3 b9 
TE ST STARTED 18 3 69 TEST COMPLETED I~ 3 69 TE ST STARTED 31 1 69 TEST COMPLETED 3.1 3 69 
ORIGINAL LENGTH 1,5961N ORIGINAL AREA l. 767SQ, IN, ORIGINAL LENGTH 1,6171N ORIGINAL AREA l,753SQ,IN, 
CONSOL !DA Tl ON PRESSURE 1 l. 02PSI CONSOLIDATION PRESSURE -0,90PSI 
NOTES SOME SLIGHT BARRELLING IN DEFORMED SHAPe NOTES NO SLIP PLANES ON srn·r PPED SA.MPLE 
SLIP PLANE. AT DEFORMATION OF 0,0953 2 SAMPLE ALLOWED TO CREEP FOR SIX DAYS UNDER MAXIMUM LOAD 
MOISTURE CONTENT OF CDMPAqEO SAMPLE O ,2528 0,2553 Mn I STURE CONTENT OF c·• MPACTEO SAMPLE o. 2646 o·.2s1tt, 
DRY DENS ITV OF COMPACTED SAMPLE g4, 20LB/FT3 llRV DENSITY OF COMPACTED SAMPLE 93,96L8/FT3 
OEGREF OF SATURATION OF COMl'ACTEn SAMPLE 94, 54PFR CENT OEGRFE OF SATlH>AT!llN OF COMPACTFO SAMPLE 96,00PER CENT 
INITIAL VOID RATIO 0,6827 INITIAL VOID RATJO o, 6869 
FINAL MOISTURE CONTENT 0,2653 0, 2699 0 ,2636 FINAL MOISTURE CONTENT 0,2730 0,2711, 0,2778 
FINAL VOID RATIO .0,6719 FINAL VOID RATIO ·o,6910 
TIME AXIAL TIME 
ELAPSED DEF Q N SIGMA! SIGMA3 AXIAL EL AP SEQ.' DEF Q N SIGMA! SI GMA3 
o.o o.o, 0,0 II, 02 0,0 11,02 11,0i 0,0 
9,0 -,0003 1,42 10,91 0, 130 11,86 I0,44 
0,0 0,0 0,90 0,0 0,90 0,90 
24,0 -,0000 2,64 10, 74 a. 265 12,64 9,79 
5,0 0,0003 0,0 0,90 0,0 0,90 0,90 
66,o· -,oo·oo 4,26 10, 38 0,411 13, 22 6,96 
25,0 0, 0012 I, 42 1,05 I, 353 2,00 o. 58 
35, 0 0,0048 2,83 1,14 2,497 3,02 o. 19 
82,0 0,0006 5,68 10, 20 0, 557 13.99 8,31 65, O· 0,0114 
98,0 0,0009 7,10 10.03 o·, 100 14, 76. •7,67 4, 22 1,60 2.642 4. '•l o. 19 
111,0 0,0024 8, 51 9,99 o. 852 15,66 1. 15 
75,0· 0,0186 5,59 2,25 2,487 5, 97 0,36 
126,0 0,0050, 9,90 ·10,06 0,984 16,66 6, 76 
ua.o 0.0265 6,93 '2,89 2,400 7,51 o. 56 
l 35,.0 o. 031 7 8, 27 3,53 2; 344 9,04 0,77 
140,0 0,0062 11,30 10,34 1,093 17,87 6,57 197, 0 
159, 0 0,0089 14,08 · 11,20 1,257 20,59 6,51 
0,0385 9,58 4,22 2,269 10,61 1 ,03 
174. 0 0,0134 16,62 12,31 1,367 23,52 6,70 
, 213, 0 0,0426 10,91 4,92 2,216 12, 19 1, 29 
192,0 0,0197 19, 50 13,65 1,429 26,65 7; 15 
224,0 0,0491 12, 19 5, 74 2,125 13, 86 1,67 
i 235, 0 0,0519 13·,50 6,37 2,120 15,37 1, 87 
TIME AXIAL I T !ME AX! Al 
ELAPSED DEF Q p N S l GM Al S!GMA3 ELAPSED DEF Q p N SIGMA! S lGHA3 
256, 0 0,02,33 22.21 14,94 1,466 29, 74 7. 54 252,0 0, 05 82 14 ,.75 7 • 1 L ?,076. 16, q4 2, 19 
269,0 0,0267 24,90 16,48 · I, 511 33,08 8, 18 263, 0 0,0620 '16, 03 7,79 2,057 16, 48 2,45 
285. 0 0, 0327 27.49 17,99 I, 526 36, 32 B,83 291, 0 0,0728 18. 48 9, 25 1,997 21. 58 3,09 
299,0 0,0358 30,14 19,52 -1.544 . 39,61 9,47 305,0 0,0754 19,75 10.00 1,975 23, 17 3,42 
127, 0 o. 0407 32, 71 21, 15 · I, 547 42,96 l0,25 320,0 0,0809 20. (Vi 10. is 1.942 24,74 3,80 
397,0 0,0463 35,24 22,64 1,557 46, 13 10,89 330,0 0,0841 22, 17 11, 45 1,936 26,13 4,06 
415,0 o. 0497 37. 81 24, 27 1,558 49,4~ 11.66 340,0 o. 0893 23, 34 12, 23 1. 909 27,79 4,45 
432,0 0,0565 40·.22 25,97 . 1,548 52, 79 12,57 355,0 0,0932 24,53 13,01 l,M5 29. 37 4,63 
459,0 0,0641 42,56 2 7, 66 1,539 56, 03 13,47 375,0 0,0939 24,52 12. (J/t 1,894 29.29 4,77 
465; 0 0,0697 44,94 · 29,36- 1. 531 59, 32 14,37 393, 0 o. 0958 · 25, 75 13,68 I, 863 30, 84 5,09 
502,0 0, 0746 47,33 30,92 1,530 62,47 15, 15 405,0 0,0998 26,92 14, 39 1,871 32,34 5,41 
524, 0 0,0825 49;54 32,63 t,518 65,66 16,12 417, 0 O, Ui47 28, 05 15, 15 l ,851 ' 33, 85 5, 80 
534,0 0,0886 51, 80 34,22 1.514 '68, 76 16,95 430, 0 0, 1060 29,21 15,93 1,834 35,40 6,l9 
554, 0 0, 1006 53,68 35, 15 1,501 71, 53 17,66 525. 0 0,1110 29; 12 15, 89 1,832 35,30 6, 19 
584, 0 0, 1068 · 55t 8 1t 37 ,25 1,499 74,48 18,63 780, 0 o, 1120 29,08 15, 75 1,846 35, 14 6,06 
615,0 0, 1160 60,16 39,59 1,520 79',69 19,53 1450,0 0,11'0 29, 05 15,6 I 1,860 34. 98 5,93 
624,0 o, 1180 55, 14 37, 72 1,462 1·4 ,48 19,34 2265,0 0,1137 29,03 15,54 1,868 34, 09 5, 87 
642, 0 0, 1177 45, 13 33,87 1,333 63,96 · 18.82 3513,0 o. 1140 29,02 15 ,60 1,860 34,95 5,93 
666, 0 0, 1160 30,15 27,39 1. 101 47,49 17,34 4945, 0 o. 1140 29,02 15,67 1,852. 35,01 6,00 
695,0 , 0, 1124 12, 61 16, 90 0,667 27,31 .14, 70 ~36'0,0 o. 1144 29,01 15,.73 1,844 35,07 6,06 
706, 0 0.1104 7,58 16,19 0;468 21,25 13,66 7805,0 0, 1144 29, 01 15, S6 1,829 35,,20 6. 19 
717,0 0, 1074 2,54 12, 70 o·. 200 14. lt0 . 11. 86 8750,0 0,1147 ?9,00 15. 92 I. 8_21 35,25 6,25 
732,0 0,1044 0,0 10. 89 0,0 10,89 10,89 8760,0 o. 1150 23,94 14,43 l ,659 30,39 6,45 
a 110. o o. 1140 l 8, 92 12. 56 1,507 25 .18 6 • 25 
8814, 0 o. ll 40 13,88 10,43 I. 331 · 19, 60 5,80 
'8880, 0 0,1127 8,84 a.11 1,091 I~, 00 5, 16 
8905,0. 0, 1100 5, 07 6, 14 0,826 9, 5Z 4,45 
8945, 0 0,1077 2,54 4, 59 0,554 6,28 3, 74 
8962, o 0.1020 0,0 2,83 0,0 2, 83 2, 83 
STC TEST 014' PERPENDICULAR 
SOIL MIXED 18 3 69 
TEST STARTED 13 5 69 
SAMPLE PREPARED , 8 5 69 
TEST COMPLETED 19 5 69 
ORIGINAL LENGTH 1.5591N ORIGINAL ARfA l,774SQ.IN, 
CONSOLIDATION PRESSURE 10, 83PSI 
STC TE.ST 015 PERPENO,ICULAR 
SUIL MIXED 18 3 69 
TEST STARTH) 13 5 1,9 
SAMPLE PREPARED 8 5 69 
TEST COHPLrTfO 19 5 o9 
lli>IGINAL LHJGTH 1.1,0IJN ORIGINAL AREA l.781SQ,lr!. 
CDNSOLIDAT ION PRESSURE 1;. 89PS I 
r"''J.·/ ,. 
NOTES 1 REASONABLE DEFORMED SHAPE NrTES LOST CELL PRESSURE' llURING SATURATiorJ,SAHPLf CRACK EU 
2 HEIGHT OF STRIPPED SAMPLE 1.439 1 1,434, 1• 424 • I, 43 ? IN, 2 HEIGHT OF STRIPPED SAMPLE 1,408, 1,414, 1,4\lt 1.403 IN, 
MOISTURE CONTENT OF CO~PACTED SAMPLE 0,2582 
DRY DENSITY OF COMPACTED SAMPLE 91,,00LB/fTJ 
0, 2615 
DEGREE OF SATURATION OF COMPACTED SAMPLE 96.19PER CENT 
INITIAL VOID RATIO 0,6062 
FINAL MOISTURE CONTENT 0,2623 
FINAL VOID RATIO 0,6697 
-TIME 
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7. 6 7 








































IIDISTURE CONTENT o'F COMPACTED SA~PLE 0,2582 
ORY DENSITY OF COIIPACTEO SAMPLE 94.57LB/FT1 
0,2S69 
DEGREE OF SATURATION OF COMPACTED SAMPLE 96,77PER CENT 
I 
INITIAL VOID ~ATIO 0,6760 
FINAL MOISTURE CONTENT 0,2557 






















































I T !ME , ELAPSED AX! AL DEF Q 























2 040. 0 
3715.~ 
42 87, 0 

















7 1t90. 0 
0, Ol87 







0, 04 78 
0, 0535 
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13. l 1 













































































































13. I 1 
SJGMA3 
14,89 





















. 13. 53 


























STC TEST 016 PARALLEL 
SOIL MIXED 18 69 SAMPLE PREPAREO 21 69 
TEST STARTED 22 ;; 69 TEST COMPLETED 23 5 69 
ORIGINAL LENGTH l,568IN oiuGi'NAL AREA l,758SQ,IN, 
CONSOLIDATION PRESSURE 5,36PSI 
NOTES SLIP PLANE AT DEFORMATION OF 0,0890 
SATURATION CHECK AT END OF TfST, lOOPER CENT 
MOIST(!RE .CONTENT OF COMPACTED SAMPLE 0,2641 
DRY DENSITY OF c'oHPACTED SAMPLE 93,98LB/FT3 
0,2554, 
DEGREf OF SATURATION OF COMPACTED SAMPLE 96,lOPER CENT 
INITIAL voro R·ATIO 0.6866 
flNAL MOISTURE CONTENT 0,2656 
















































































































































































































































































































LISTING OF REDUCED EXPERIMENTAL RESULTS 
FOR THE DRAINED TESTS 
As in Appendix F the actual listing of the stress-strain 
data is preceded by a description~: the sampleo 
The headings of the first five columns in the listing of 
results are the same as those in Appendix F, the remaining four 
are:-
'VOID R', gives the void ratio of the sampleo 
'QR', gives the value of q calculated from Eq.(5.13). r 
'NQR', gives the ratio q /(p+3.0). r 
'DS', gives the evaluation of Drucker 1 s Stability 















































( **** ******** *''******·"* ''**'~***''** ,,;µ****** *****"""'********** ** **~'** ****.*** ******** 
( 
C TO CALCULATE EFFfCTIVE STAESSfS AND STPA[N FROM THE PESULTS OF A DRAINFD 
( l"IAXIAL f[ ST 
C 
(*****************************************'************************************* n IM EN s I m I TI TL F ( 2 o l , No TE s ( 2 o , , s ~q 3 , , s r ( 3 l , Ts ( 3 l , Tc I 3 I 
D!Mf.'ISION \i(l00) 1 PRES(lOOlt>'UlOOI 
fl I MENSI •N Tc I oo, , v, 1 o,) 1 , r < 1 ,w 1 , a< 100 1 , n l 1 oo,, rn ( 1 oo 1, VR A< 1 oo 1 
INTEGER TITLE,SM,SP 1 TS 1 TC - . 
JNTEGFA TJTLE,TO,TH,TM,TP 
PEAL Hll 1 MC2 1 MC(6),MU,MGA 
L 






17" READ(l,100) <1l 1 00,tJP 1 \-HJ,N 
!F(OL,E~.O.) GO TO 56 
AO= 3,l412t• D*OD/4,0 
IF( •• .rQ.O,l GO TJ 56 
READll,lP!I ITITLEIII ,1•1,201 
WPIT~l6,104I (TITLF(ll,I=l,201 
R ~AD ( 1 , l O 71 ( St-I ( I I , I = 1 , 3 I I I SP ( I I , I= 1 1 3 ) 1 (TS ( I I , I = 1, 31 , (TC ( I I , I= 1 , 3 I 
WP!TE(6,108l(SM(Il,I=l,31,(SP(IJ,I=l,31 
liRlTE!h,6011 (TS(ll,1=1 1 31,(TC(Il,I=l,31 
WRITE(6,1•:>l OL 1 AO -
WRITE(6,6021 OP 
IF(N,FQ,o) GO TO 131 
00 6 J= 1, N 
READ(l,q9J (NOT~S(l 1,I=l,2bl 
WRJTE(6,981 J, C~ltJTCS(I 1, [=1,20) 
IF( J, NE, ll G0 TD 6 
WRl T[(6,97) 
b CONTINUE 
131 READ(l,1091 Wl,WZ,W3,W4,W5,W6 
MCl = (W2-W3l/(W3-\H) 





VR = 158, 50/0fl-J. 
SR=lOO.O*(~lf'*(l,+VRI/ (62,4*Vf),) 1-254,0/VR, 
WR! rE(6,ll2J SR 
WR I ff I 6, 113 I VP 




WRITEl6,1141 MC(31 ,NCl41 ,MC(5l 
Tn CALCULAH THE FINAL VOID RATIO THf AVERAGE OF THE TWO SMALLFST FINAl 

























































If( l-1CA.t.T, f\~l) MCA=33 
VRF=2, 54*'~C1\ 
WRITF(6,ll~l VRF 
r. A CORRECTll'N JS MAil~ T'l Tilt I>!IT!Al APEA UI' THt SAMPLE TO ALLOh' F•lR THE 






AC =AO* { 1 , - , 33 :• *A LUG ( ( l, +VI< l / ( 1 , +V RF l l l ** 2 
READ! 1 1 ')(0l VRI 
900 ~• RMAT(FJ0,4) 
VS=WU/1 ll,+IMCU 1~C2)/200; 1*2,54) 
fl-LAD( 1 1 l(i'.ll F ,c 
THE t·'EASUPFO VALUtS FOR tACH FXDFRTMENTAL l'OlNT ARE READ AND THf 
REQUIRED PARAMETERS CALCULATED AND PRINTED 
rm 901 JK=1,100 




IFIJK,Ell,ll GO TO 901 
!F(TL,EQ,O.) GO TO 906 
90 l COf~TI NUC 
906 VRA ( 1) =VRI 






902 COt\TJ NUE 
VRC=VRAIJKJ-VRF 
DO 903 Kl=l,JK 
90J VP.A (KI J'=VRA I KI 1-VRC 
EL( U=O, 
PPES!ll=ilP 
QI l )=O, 
AA=AC 
DO 904 Kl=?,.JK 
D LM=l • - ( l T (KI I -EB I Kl l I/ ( E Tl Kl -l l -1:B (KI -1 I ) 
EU KI )=El! Kl-ll+OLI~ 
D VV= I VRA (KI ) -VRA (KI - 1 I ) / ( l • +VRA I KI) l 
ORR=0,5*(DVV-OLM) 
AA=AA*(l,-DRR)**2 
QI KI l =F* ( P (KI ) -p Ill l / AA 
PRES(Kl)=OP+0.333*Q(Kl). 






27 WR! TE (6,200) 
HRI TE ( 6, 2 O 1 I 
EM=2U50,+U6,000*~XP( (0.754-VRA(KI) )/0,0357) 































































l✓ RITEl6,l061 T(KI),~LIKil,Q(Kil,PRES(Kil,R2,VRAIKll 
(***~********~****************************************************************** 
C 
C (.ALClJLATIDN Of ELASTIC ANO PLASTIC COl·lPONENTS OF STRAIN 
C 
(******************************************************************************* 
IF(El(Kl) .LE,0,0) GO TO 910 
nP• 0 RES(KI)-PRES(KI-l) 
DQ=Q(KI )-Q{KI-1) 
DVV=-(VRA(Kll-VRA(KI-1))/(1.+VRAIK!l) 
DVF= O.llll2*DP/(PRES(Kl )lf'(l,+VRA(Kl })) 
D VP =D VV-DVE 
Dl:=EL(Kl )-ELI KI-11 
.DEF =DQ/f:M 
llEP=DE-DEE-0,333*DVP 








IFIL.NE,51 GO TO 905 
WRITE (6 1 605 l' 
l=l 
K4=K/4 
IFIK4,N[.9) GD TD 905 
K=l 
WR I TE I 6,619) 
,IP. I TE I 6 , 2 01 l 
9(1~ CONTINUE 
Gil TO 175 
96 FORMATllH+,5dX,F6,2r3X,F5.3,3X,F6.4) 
97 FORMAT11H+ 1 1DX,'NOTES 1 l 
98 FORMI\T( 1H0 1 15X,I2 1 2X;20A4) 
99 FORMATl20A4l 
100 FOPMATl4Gl0,4,!2,8X,Gl0.4) 
101 FOR MA Tl 20A4) 
102 FORMAT(l.?,!2,12,I2,2X,5Gl0.4) 
104 HllU1AT( lHl t 10X,20A4,/ I I 
10~ fORMAT(lHO,lOX,'ORIGINAL LENGTH 1 ,F5,3,'IN,',7X, 1 0RIGINAL AREA', 
1 1 x, r 5. '3, • so. r N. • l 
lll6 HlRMAT!lH , 1X,F8,1,3X 1 F6. 1+,3X1F6,2,3X 1 F6,2,3X,F'i.3,3X,F5,3) 
107 FORMAT ( 41 I 2 , l X, I 2 , l X , I 2 , 2 XI I , 
108 FORMAT(lHO,lOX,'SOIL MIX[D 1 ,3(13),5X,'SAMPLE PREPARE0',3(13.)) 
109 FOPMAT(9G8,3l 
llA FUPMATllHO,lOX, 1 MO!STURE CONTENT OF COMPACTED SAMPLE ',F7,4,4X, 
1F7.4) 
111 FORMATllHO,-lOX,'URY DENSITY OF CDMPACTl::U SAMPLE 1 ,F6,2, 1 LR/FT3'l 
112 FORMATllHO,lOX,'OFGREE OF SATURATION OF COMPACTFD SAMPLE 1 ,F6,2, 
·1 1 PER CENT'} . 
113 FORMAT(lH0 1 lOX, 1 IN!TIAL VOID RATIO ',1X,F6.4) 
114 f'ORMAT!lHO,lOX,'FlNAL MOISTURE CONTENT ',F7.4,5X,F7.4,5X,F7,4) 
115 FORMAT(lHJ,lOX 1 1 FINAL VOID RATIO ',F6.4,//l 
117 FORMAT( 1 1 ) , 
?On FORMA~l~I , 3X, 1 TIME',5X 1 1 AXI/\L 1 l 
201 F01''1ATl1H, 3X,'ELAJ'SED',3X,'DEF',!-lX, 1 Q 1 ,8X, 1 P 1 1 7X,'N',&X,'VO!D R' 
1, 'iX 1 1 ')R 1 , 6X 1 1 NQR 1 , 5X 1 'DS', I/) 
AOl FllPMATI 1110, lOX, 'TEST. STARTED' 1 3 (13) ,3X, 1 TEST COMPLETED' 1 3( J 3)) 
1,0? FflR.MATIHIO,lOX,•coNSIJL!OAT!flN PRESSURE',F7,2,'PSI') 
605 Filo.MAT! lH 1 ' 1 ) 
bl9 FURM.\TC1Hl 1 3X 1 1 TIMC 1 1 5X, 1 /\XIAL 1 ) 




lJSC 001 PARALLEL 
SOIL IH )(I:[, 14 1 69 SAMPLE PRcPAREO 2 8 69 
TEST STAPT!:11 3 8 o·'l TEST COMPLETED 1l 8 1,9 
ORIGIMAL tH!GTH l, 5961M, ORtr.lN/\L ARE.A l,7MlSQ,l"1, 
CCNSfll lDATION PRE:SSUl{E 20,55PSI 
NOTES DEFORMED S.Hh"E OF SAMPLE SKEWF.O 
2 NO DATA ON Fi'NAL M/C USE:O VALUES FOR STC fll6, 
MO I STUP€ CONTFNT OF COMPACTF.O SAMPLE 0,2624 0,2569 
URY OENSITY OF COMP/\CTEO SAMPLE· 96,44Lll/FT3 
DEGREE· OF- SATURATION Of COMPACTEU SAMPLE102,50PER CENT 
INITIAL VOID RATIO 0,1>435 
i=1•N/\L MOISTURE CONTENT 0.2 5,7l · 0,2549 0,2532 
FlNAL VOii' PATIO 0,6452 
TIME AXIAL 
!:LAPSED ... DEF Q p M vain R QR NQR ns 
o.o o.o o.o 20,55 o.o 0,626 
38,0 -,0004 5,20 22,28 0,233 0,625 
91,0 0,0007 11, 52 24,3'l 0,472 0,625 
1'40,0 0.0021 . 16, 17 25,94 0,624 .0,624 23,41 0,0 0,0026 
213,0' 0,0052 23,03 28,22 0,816 0,623 27,20 0,0 0,0130 
296,0 0,0077 30,62 30,75 0,996 ·o,622 36,02 0 .• 000· 0,0082 
415,0 0,0126 41,06 34,22 1,200 0,621 43,16 0,000 · 0,0315 
499,0 .0,0151 40,66 36,75 1,.324 0,620 51,53 0,000 0,0083 
557,0 0,0169 53, 78 ' 38.46 1,398 0,620 ·55,47 0,000 0,0043 
621,0 o. 021 l 59,ll 40,23 1,469 0.620 59·, 51 ·o.ooo 0,0175 
690,0 0,0218 64,50 42,03 1,535 0,620 
750,0 0,0240 69,31) 43,63 1,588 0,620 69,-21 0,000 0,0061 
795,0 0, 0257 72,38 44,65 1,621 0,620 72,06 0,000 .0,0038 
·1349,0 0,0;!43 76,55 46,04 1,663 0,620 
1406,0 0,0297 79,96 47,18 1,695 0,620 79,40 0.000· 0,0161 
i SO l, 0 o. 0336 85,t,5 49,07 1;745 0,621 84, 14 0.000 0,0166 
1600,0 0,0376 90,95 50, 84 1,789 0,621 88,18 0,000 0,0159 
1680,0 0,0394 93,86 51,81 1.1112 0,622 89, 72 0,000 0;0031 
-1747,0 0,0430- 96,10 '52,55 1,82-9 . 0,623 94,04 0,000 0,0072 
1847,0 0,0463 98,01 53, 19 -1,843 0,623 94.53 0,000 0.0956 
1943,0 · 0,0510 98,56 53,37 1,847 0,624 96, 24 0.000 0,0026 
2045,0 0,0562 100,15 53,90 l,858 0,625 97,97 0,000 0,0077 
2100,0 0,0577 · 100,03 53,86 1,857 0,626 95, 73 0,000 -,0002 
2817,0 0,061'0 100,10 53,88 1,858 0,626 97,63 0,000 0,0002 
·2885,0 0,0654 100,75 54,10 1,862 0,627 99,49 0,000 0,0028 
2949,0 0,0692 101, 11 54,22 1,865 0,627 99,al 0,000 0,0013 
3041,0 0;0751 100,66· ';4,07 1,862 0,628 99,54 0,000 -,0027 
3.115,0 0.0793 100,62 54,06 1,861 0,628 99,45 0.000 -,0002 
3118, 0 0,0789 100,66 54,07 1,862 0,628 
3213,0 0,0846 101,98 · 54,51 ·l,871 0,628 101,)8 0,000 0,0071 
3268,0 0,0872 . 103,22 54,-92 1,879 0,628 102,80 o.oco 0,0030 
3411,0 0,0963 102,10 54,55 1,872 0,629 101,?.0 0,0{'0 -,0105 
3549,0 0,1029 99,42 5-3,66 1,853 0,630 97,82 0,000 -,0188 
4485,0 0, 1079 58. 26 39,95 1,458 0,631:1 36,98. 0,0 - , 5147 
4581,0 o. 1118 63,40 41,66 1,522 0,638 63,79 0,0{'{\ 0,0152 
4699,0 o. 1180 69,25 43,61 1,588 0,6)8 69,60 0,000 0,0302 
4345,0 0,1263 70,83 44,14 1,605 0,638 70,H 0,000 0,01.26 
4918,0 .0., 1298 71, 83 44,47 1,615 0,639 70, 89 0,000 0,0034 
5018,0 0,1076 38,69 33,43 1,157 0,639 
5235,0 0,1192 4,31 21,99 0,196 0,639 4,20 o.o -,6154 
G6 
DSC ()02 l'AHALLEL 
SOIL 1·1J XE L• I e 7 69 SAMPLE PREPftRtO 15 7 69 
TE Si STARTcD 1 7 7 t 9 TEST COMPLETED 24 7 69 
01'. IGINAL LFNG TH l,60tlN, ORIGINAL AREA 1,769S0,IN, 
C"•'iSDL IDA TI 17N PRESSURE 35,79PSI 
MO TES 1 AT Eisel 11F TEST lff!GHT, OF SA~IPLE 1 .447, 1.4~ 1, 1 .4')7, 1,4541N 
-~o I STURE C ONTUIT llF CiJMPACTfcD SAMPLE 0,2582 0.25 1t4 
ilPY DOISJ TY OF C 1]1-\PAL n:n Si\1-11'1.E 92,42LB/FT3 
LiEGRH OF SATURA TI Ill•: :H COMPACTED SAMPLE ql,061'~~ ClNT 
INIT!Al VO lD RAT I 0 o. 7150 
FINAL MfllSTURf CONTENT 0,2455 0, 2463 0,2453 
FINAL vnrn PATI'J 0,6233 
TI ll E AXIAL 
H1\PS[lJ DEF Q I' N VOID R QR NQR flS 
(), 0 o.o o.o 3 5. -19 o.o 0,612 
I 7 ,0 0,0003 0,65 l6, 01 0,018 0,612 1,7() o.o 0.0002 
3 1-t. 0 0,0007 0,92 ,6. 09 0,025 0,612 0,92 o.o 0,0001 
6'>.0 -. 0003 1, 4 1t 16, 2 7 0,040 0. 612 
1.04,0 0,0007 1,57 31,,31 0,043 0,612 1.22 o.o 0,0001 
13 3, 0 - , 0000 2,09 36,49 0,057 0,612 
190,0 0,0003 3,53 36,97 0,096 0. 612 3,53 o.o 0.0002 
238, 0 0,0007 3,53 36, 97 0,096 0,612 5,62 0,0 · - .0000 
31 o.o -,0003 4,19 3 7, 19 0,113 0,612 
346,0 -,0000 4,06 37,14 0,109 0,612 
409,0 0,0007 4,06 37. 14. 0.109 0,612 5.11 o.o -.0000 
468,0 -.0000 4,06 3 7, 14 0,109 0,612 
55 7, 0 0,0003 4,06 n. I'+ 0,109 0,612 I, 97 o.o -.0000 
649, (1 0,0010 3,79 3 7. 0<5 0,102 0,612 3. 2 7 o.o -,0002 
7 22 .o -.0000 3,40 .16. 9? 0,092 0,612 
797.0 -,0003 3,9) _3 7. l il 0,106 o .• 612 
Jltl4.0 0,0003 3,9] J7. I 0 0,106 0,612 _,. 7 0 6 1t o.o -.0000 
1952,0 -,0003 3,01 '36., 79 0,082 o. 613 
Z?_l <J,O 0.0000 2,7S ]6, 71 0,075 0,613 ··-3 ~ 51 o.o -,0Q0l 
3442. 0 0,0016 21.44 42,93 0.499 0,612 
3500,0 0,0039 31,93 46,42 0,688 0,612 39~88 0,0 0,0098 
5757,0- 0,0052 39,97 49,10 0,814 0,612 38,66 o.o 0.0022 
58 l 7 ,0 0,0069 49,11 52,14 0,942 0 ,611 57,92 0.000 0,0042 
5877,0 0,0088 57, 1,2 54,91 1,046 0, 611 ' 62 ,65 O,QOO 0.0075 
60i2,0 0,0138 75. 6 7 60,99 1,241 o. 609 80,26 0.000 0,0472 
609 J, 0 0,0158 85 0 1 1~ 6't o l 'i- 1,327 o,6oq QO. '.JO 0,000 0,0073 
6172,0 0,0191 93, 9 1t i,7.07 1, 4Ql · 0,609 95. al 0,000 0,0192 
6?47. 0 0.0221 101,8) 6'). 7 0 1,461 0, 609 102,64 0,00(1 0 .o 156 
6324,6 0,025 1, 108. 7'i 72.00 1,510 0,609 109,36 0,000 ll,0169 
6 1t0?.0 0,0288 114, 7l 7:1.99 I. 551 o. 609 114,73 0,000 0,0154 
&51 Z. 0 0,0321 122,5B /6.,61 1,600 0,609 121. 76 0.000 0,0184 
6'J85o0 0,0355 126,97 7 IJ, 0 7 1,626 0,609 125,65 0,000 0,0123 
7261, 0 0,0392 133,70 80,31 1,665 0,609 130,74 0,000 0,0192 
733 3 • 0 0,0426 136,91 81,38 1,682 0,610 134,78 0,000 0,0096 
7404,0 0,0460 l 39 .34 62,19 1,695 0,610 137,53 0,000 0,0075 
74 7 8, 0 0,0484 141,53 82.92 l. 707 0,610 138, 3 7 0,000 0,0046 
7580,0 0, 054 2 144, 10 ,83,78 1,720 0, 611 -142,03 0,000 0,0141 
765 7, 0 0,0577 145,62 84, 28 l. 728 0,611 142,73 0,000 0,0049 
7745,0 0,0611 147,01 8 1+, 7 5 l, 735 0,612 143,74 0,000 0,0046 
7836,0 p.0660 147,58 84.9, 1,738 0,612 l',5. 10 0,000 0,0027 
862 9. 0 0,0705 148.31 85, 18 1,741 0,613 145,28 0,000 0,0013 
8639. 0 0,0702 149,3 1, B'i, s; 1,746 0,613 
U64 l, 0 0,0702 149, l O {) 5 o Li 1t 1,745 0 ,613 
8751,0 0,0765 145.31 84, 18 1,726 0,614 143, 7 I 0,ono -,0104 B84!l,O o. 082 5 144, 4 7 Hl,90 1,722 o. 614 1 1t3. 55 Q,000 -,0052 !\98 5. 0 0,0903 144,46 31,89 1,722 0,614 l 1t3.L+O 0,000 -.0001 9072,0 0, 1131 141, 93 83,05 l. 709 0,615 141,72 0,000 -,0586 
'\PPENDIX H 
LISTING OF CALCULATED PLASTIC STRAIN INCREMENTS FOR THE 
UNDRAINED TESTS 
The results given in Appendix Fare the reduced 
experimental results. These are ~11t'l raw data recorded 
reduced to the required stresses and the axial strain. In 
this Appendix the components of elastic and plastic strain 
and increments of these are calculated from the definitions 
given in Chapter 5. The listing of the computer programme 
used is also included. 
The data in the various columns of the listings 
are: ... 
'EL', gives the axial strain of the sample. 
'EE', gives the elastic component of this strain., 
H1. 
This is calculated by summation of the elastic strain increments 
calculated from Eq.(5. 9 ). 
1EP', gives the total shear distortion calculated by 
summing increments of this calculated from Eq.(5.10). 
'VP', gives the total plastic volumetric strain. 
This is calculated by summing the increments calculated with 
Eq • ( 5 o 7) • 
'DEP', the fifth column, gives the increment of plastic 
distortion calculated from Eq. (5.10). This expressed as a 
percentage. 
'DVP', in the sixth column, is the increment of 
plastic volumetric strain calculated from Eq.(5.7). This 
is also given in percent. 
'QC' in column seven is the stress component q defined 
in Eq.(3.20). 
. 
'PC' in column eight is the stress component p defined 
in Eq.(3.19). 
'THETA' in column nine is the angle giving the direction 
of the plastic strain increment vector, it is defined in 
'NI', is the stress ratio~,, defined in Eq.(4.1). 
1 DS', is the value of the left hand side of the 
inequality (5.11) whichDrucker'a stability postulate requires 
to be positive for stable plastic deformation. 









































































CALCULATES ELASTIC AND PLASTIC COMPONENTS OF STRAIN 
********************************************************************** 
OIME"lSION TITLEl20l 
DH1ENSION El(lOOl1 QC(lOOl, PC(lOOl,PN(lOOl 
REAO(l,1001 VR . 
IF(VR.EQ.O.OI GO TO 56 
REAO{ 1,101) (TITLE( 11,I=l,20) 
WiUTED,102)' !TITLE(Il,I=l,201· 
~JR I TE 13 ,1 311 
00 2 N=l,100 · 
READ( 1,103) EUN) ,QCl"ll ,PC{Nl 




EM=l • /12850 • +126.*PC(lll 
EE=O. 
EP=O • · 
VP=O. 
DO 9 JL:1,N 
IF{ELIJLl • GT • O• OI GO TO 8 
PN(JLl=QC(JLl/{PC(JLl+3 • 1 
WRl TED, 1361 EL(JLI ,QC( JLI ,PC(JLI, PN(JL) 
9 CONTI NUF 
8 K=JL*2 
CTAl=(PC(JL-11+3.l/{PC(ll+3,l 
ZETAS1=0 • 066*(3.35~{ETA1-2.551**21 
7EA S5l=SQR TIZETASll 
Z[TA1=0 • 240-ZEASSl 
DO 4 J;,JL,N 
PNIJl=QCIJI/IPCIJl+3.I 
OQ=QC(J)-QC(J-11 










OZE TA=ZETA-ZE TAl 















IFIDEP,EQ.0,1 GO·TO 6 
XXX=UVP/CEP 
K13ETA=ATAN I XXXl 
BETA=RBcTA*57.296 
WPIT6(3,135) ELIJl,EE,EP,VP,DEP,DVP,QC(Jl,PC(Jl,BETA,PN{Jl,OS,A~ 
GO TQ 7 , . 
6 WRITE(l,1291 EL(Jl,E~1EP,VP,DEP,DVP,QC(Jl,PC(Jl1PN(Jl,DS,AM 
7 K=K+2 
IFIK.GT,501 WRITE(6,l331 




























































1)0 5 J=K,50 
5 WRITEl3,l34l 






131 FOP. MAT ( l HO, 4X, 'EL' , 6X t 'EE' , 6X,; E P' ,·6X, •VP' ,6X, • O[P • • 5X • • OVP •, 6X, 
1 1 QC' t 6X t I PC 1 , 5X, 1 THETA 1 1 4X, • Nl 1 ,6X, 1 OS•, 6X, •BM•,/ /I 
133 FORMAT!lHl, 1 · 1 1 //////////) 
134 FORMAT(lH0 1 1 'I 
135 FORMAT{lH0,6F8,4 1 3F8,~1 1X 1 3F8o4I, 
136 FORMAT(lH01F8,4,38X,FlOo2,3X 1 F5,2 1 7X 1 Fl0,4) 
56 STOP 
END 
STC TEST 002 PARALtEL 
C:P VP DEP lWP oc PC 
0,0 10.00 
1044 l0o05 
000010 000005 Oo 1037 0,0519 2, 82 9~35 
0,0018 OoOOll 0,0782 Oo0595 4o 12 8,62 
000033 0,0019 0,1520 0,0753 5,89 7,81 
0,0082 0,0023 0,4875 0,0417 8062 7 041 
0,0150 0,0054 0,6761 0,3086 l lo 77 8009 
Oo 01. 94 o. 0053 0,4459 -000026 14037 9o23 
000231 Oo 0053 . Oo3703 -0,0062 16,74 lOo 21 
o. 0264 0,0052 0,3243 -0.0081· 19033 11. 39 
0,0324 000051 006017 -0.0111 -23. 2.2 13,25 
0,0380 000050 Oo5618 -000128 27 049 15.43 
0,0442 ·O. 0048 0,6200 -0,0178 3}, 41 18~65 
000490 0,0046 Oo4830 -000203 37,94 21,22 
000551 9o 0043 0,6040 -0,0323 43.50 24.48 
0o 0595 0,0039 004420 -Oo0344 47088 27,06 
0o 06 71 0,0034 0.7579 -000492 55,10 30 o0 3 
0,0698 000029 0,2725 -0,0538 57,55 33~oo 
o. 0756 0,0023 Oo58 09 -0,0555 63,33 36,38 
000824 0,0019 0,6805 -0.0386 66, 89 38,88 
0,0902 000015 o. 7740 -000481 7 l o82 42, 25 
THETA Ml OS 
OoO 
0o 1103 
26057 0,2283 000011 
37,29 0~3546 · 0,0006 
260 35 Oo5449 Oo 0021 
4o89 008280 0,0131 
24053 -lo0613 Oo02 34 
-0,33 1,1750 Oo0ll6 
-Oo95 1,2672 Oof\087 
-1044 lo;3433 o. 0083 
"'.'l,05 lo4289 0,0232 
-lo31 lo49l6 0,0237 
-1.64 1,5432 0,0361 
-2.41 ' lo5665 o.02i4. 
-3,06 1,5830 0,0325 
-4o45 105928 0,0185 
-30 72 106682 Oo05'13 
-11. 16 lo5986 000051 
-5,45 lo6082 0,0317 
-3,24 105972 0,·0233 











1 o 429'/ 
lo4928 










STC TEST 016 PAR ALL FL 
FL EE fP VP DEP UVP QC PC THUA ~11 lJS l:lM· 
o.o 0 ~o 5,36 0.0 
0.0 1.44 5,19 o.1758 
0,0018 o;oeo3 0,0015 0,0003 0,1482 0,0256 2.86 '•· 97 9.81) 0,358H 0.0020 J, 360 1, 
0,0046 0,0006 0.0040 o. (1005 0,2515 0,0268 4, 18 4,75 6,07 0,5394 0,00">3 0, 54 J4 
0,0095 -0.0'),)7 o. Ol 02 o. 00',8 0,6'192 '.), 5260 5,HO 4,87 40,3~ o. 7370 0, 0 l 07 0.7425 
o.0145 -0,0003 o. (l l 48 0,0057 0,4612 -0,0048 7, 11 5,30 -0.59 0.8566 0,0'.)60 0,8569 
o. 02 02 0,0002 o. 0200 0,0057 0.5217 -0.0071 S,73 5.93 -0.77 0, 9776 0,0084 o. 9779 
0,0241 o. 0005 0.0236 0,0056 0,3551 -0.0068 9,88 6.47 - l ,09 1,0433 0, 00 40 1, 043/, 
0,0281 0.0010 o. 02,71 0.0055 0,35 73 -0,0082 11,29 7, 15 -1,31 1,1123 0,0050 l,ll?B 
0,0314 0,0013 0.0301 0,0054 0.2947 -0,0072 12,45 7,72 -1,39 1,1614 0,0034 1,1619 
o,r) 3 53 0,0019 o. ,133,, o. ()053 0,3339 -0.0099 14, 31 8,60 -1. 70 1.2336 0,0061 l. 2344 
o. 03 94 0.0022 o. 0372 0,0053 0.3799 -0,0069 15,29 9.15 -1.05 I. 258 1, 0,0037 I, 2588 
o. 04 12 o. 0025 0.0387 0,0052 0,1500 -0.0066 16. 27 9.66 -2,51 1.,2851 0,0014 l, 2 860 
0.0445 0,0030 0,0415 0,0051 0.2752 -0,0120 18,06 10.67 -2.49 1.3211 0.0048 1,3220 
0,04 6 7 o. 0034 0.0413 0,0050 0,1849 -0,0084 19,20 11.29 -2,61 1,3436 0,0021 1,3444 
o.0489 o. 0037 o. 0452 0,0049 0,1838 -0,0091 20,37 11, 93 -2.84 1. 3 6lt 4 0.0021 l, 3652 
0.0518 0,0042 0,0476 0,0048 0,2439 -0.0122 21,85 12, 7 5 -2.87 I. 3873 0 • 00 35 I• 3881 
0,0544 0,0046 0,0498 0.0047 0.2220 -0,0110 23',06 13.42 -.2,84 1.4044 0.0026 1, 40 51 
0.'0574 o. 0050 0.(1524 0,0045 0,2567 -o ,0142 24.42 14.22 -3, 16 1,4181 0.0034 1,4187 
0,0630 0,0059 o. 05 71 0.0042 0.4720 -0,0316 27. 15 15. 8 3 -3. 83 . l. 4418 0,0124 1,442'> 
0.0667 o. 0065 0,0602 0,0040 0.3060 -0.0270 29,09 16.96 -5.04 1.4574 0, 00 56 l, 45 80 
0,0690 0.0010 0,0620 0,0037 0,1831 -0,0216 30,49 17. 76 -6.72 1-,4687 o.0024 l, 46 93 
0,0709 0,0074 0,0635 0,00\5 0.1490 -0.0210 31, f.9 18.46 -8,0l l. 4 76 7 0,0016 1,4772 
0.0150 0,0082 0.0668 0,0031 0.3319 -0,0403, ·33,97 19.88 -6.93 1,484 7 0,0070 1,4851 
0,0803 o.o:J91 o. 0712 0.0021 0,4346 -0.0447 36,81 21,57 -5.87 l,4982 0,0116 1,4987 
0.0834 0,0098 0.0736 .o. 0024 0.2451 -0,0278 38, 77 22. 6 7 -6,48 1.5103 0.0045 l. 5110 
o. 08 41 o. 0100 o. 0741 0,0023 0.0527 -0,0075 39,29 22,97 -a.10 1,5129 o. 0003 1. 5138 
0,:J860 o. 01 ()4 0.0756 o. 0021 0,147:l -0,0182 40 ,50 23.72 -7,06 1,5187 0,0018 1, 51 95 
0,0926 o. 0116 0,0810 0,0016 0,5411 -0,0'>13 4 4, 17 26.01 -5,42 1.5226 0, 01 83 l, 52 JZ 
0,0"187 0,0124 0.0S63 0.0013 0.5324 -0.0346 46.50 27. 64 -3, 72 1.5176 0.0118 1.51 !JO 
0,1061 0,0131 0,0930 0,0009 0,6636 -0,0334 48,8D 29 •. 30 -2 ,88 1.5108 0,0147 l. 5111 
H6 
CSR TEST ooq (0,0C06H!/Ml~ll P ARAL L fl 
[L El:: l::P VP U[P DVP QC PC THETA Nl DS 8M' 
0,() (),0 5,<14 o.o 
0,0014 -o. 0002 o. ()111(, 0,0005 O, 1564 0,0509 0,0? 5,46 l 8 ,04 0,0024 -0,0)02 0,0045 
0,0() 18 o.ocoz O,OOlfi 0, 00 1l'i 0,007J O,Ollll 1, 21 5,45 8, Ltb I), 143? 0,0)01 '), 14 74 
0,0028 o. 00 06 o. 0022 o. 0007 0,0612 0,0144 2,78 5,32 13,23 0,3341 o. 000,9 o. 3368 
0,0042 o.ooo~ 0.0037 0,0009 0, 14l!l 0,0230 2,99 5,12 9,?0 0.3682 U,0003 0, 3693 
0,0049 -o. 0007 0,0056 0,0057 0,1949 0,4770 4,21 5, 13 67,77 0,5178 0,00?4 0,5337 
0,00!J'J 0.0003 o. 0082 0,0030 0,2569 -0,2644 4,7<; 5. () 5 -45.1'2 0,5901 0 ,0016 0,5838 
0 ,0110 -0, 0011 o, 0121 0,0077 0,3923 0,4707 5,27 5,23 50 .19 0,6403 0,0029 0, 6481 
0,01 S_~ -0.0006 0,0159 o, 0077 0,3817 -0.0042 6,96 5,67 -0.62 0. 802 8 1),0064 0. 80 ~? 
0 .o 1 78 -o. 0005 o. 0183 o.oon 0,2345 -0,0024 7,49 5,86 -o, 58 0,8454 0.0012 0, 8456 
0, 02 14 -0,0C'0l 0.0215 0, OOH, 0,3277 -0.0043 8,60 6,22 -0.75 0, 932 8 0,0036 0,9311 
o. 02 39 0.0001 0,0238 0,0076 0,2286 -0.0041 9.32 6,55 -1, 03 0,9759 0,0016 0,9762 
0,()2 79 0,0004 (l, 02 75 o. 00.7'i 0,3630 -0,0067 10, 57 7,14 -1. 06 1. 042 4 0,0045 1,042!3 
0,0319 0,0008 0.0311 0,0074 0,3612 -o. 0071 11, 88 7,76 -1,12 1,1041 0,0047 1,1045 
0, 0 3 48 o.0011 0,0337 0,0074 0,2596 -0.0062 12,90 8.29 -1. 3fJ 1. 142 6 0,0026 1, 1431 
0,0392 0,0018 0.0374 0,0073 0.3726 -(),0123 15,18 9,6<l -1.88 1, 1962 0,0083 1, 1970 
0,01,25 0,0030 0,0395 0,0033 0,2062 -0,3919 14,94 9,29 -62.25 1,2156 o.0011 1,2011 
0,0458 -0.0004 0,0462 0.0154 0,669'/ 1.2095 17, 21 10, '• 7 61,03 1,2777 o. 02 95 1, 2 92:l 
0,0487 o.aooo o. 0487 0,0154 0,2531+ -0,0072 18,44 11,08 -1 ~ 62 1,3097 0,0031 1, 3103 
0 ,o 5 36 o. 0('07 0,0'529 0, 0152 0,4236 -0.0126 20,68 12, 2 l -1. 70 1. 3596 0,0093 1,3604 
0,0573 0.0012 0,0561 0,0151 0,3187 -0,0114 22, 39 13, t1 -2,04 1,3898 0,0053 1,3906 
0,0603 0,0016 0,0587 0,0150 0 ,25 49 -0,0119 23,87 13,97 -2.67 1,4066 0,0037 1, 407ft 
0,()640 0,0021 0,0619 0,0149 0,~244 -0.0133 25, 35 14,85 -2.35 1,4202 0,0047 1,4207 
0, Oh 8 5 0.0026 0,0659 .o. 0147 '0,391+8 -0,017.l 27,13 15,88 -2,49 1.4370 0,0069 1,4375 
0,1)761 0,0036 0,0725 o. 0143 0,2958 -0,0175 30, 18 17,67 -3, ~9 l, 460 l o. 00 39 1.460'5. 
0,0811 o. 0043 0,0768 (),0141 0,4345 ·-0.0282 32,20 18 ,39 -3. 71 1.4710 0,0084 1,4714 
0,0860 0,0049 o. 0811 0,0138 0,4286 -0,0300 34,05 20,0." -4.00 l, 4 791 0,0076 1, 4 794 
0,0926 0,0057 0,0869 o. 0134 0,5803 -0,0375 36,47 21. 4 7 -3,70 l • 4904 0,01'35 l, 4907 
0,0988 0,0064 o. 0924 o. 0131 0,5493 -0.0319 38,63 22 ,·77 -3.33 1.4990 0,0115 1.4993 
0,1058 o. 00 72 o. 0986 0,0127 0,6189 -0.0357 41,12 24, 31 -3. 30 1. •;o5 7 0,0149 1,5060 
o. 1121 0,0079 o. 1042 o. 01?4 0,5580 -0,0309 43.34 25,71 -3. 1 7 1,5096 0.0120 l,509~ 
0,1184 0,0087 0, l 097 o. 0121 0,5550 -0,0308 45,67 27, 18 -3.18 1,5133 o.oi2s 1,51"16 
0,1248 o. 0093 o, 1154 0, 01 l 8 0,571 1, -o.ozn· 4 7, 81 28,54 -2.73 1,5159 0,0119 1, 5162 
H7 
CSR TEST 01r (0.0006IN/'11M) PARALLEL 
F.L EE EP vo DEP DVP oc f-'C THETA Ml us BM 
0.'.1 o.n 15,92 '), 0 
0.0015 -o. 0018 0.0033 0,0064 0, 32 70 0.6448 l.83 16, 2 5 63, 11 0,0951 0.0001 0,1118 
0.0018 -0.0.)01 0.0025 0,0035 -0.0781 -0,2932 2. 3l't 15, 41 75,08 0,1271 0.00?.l ), l5,3't 
o.oo 28 -0,0')07 0,0035 0,0040 0,1018 0,0481 3.03 14, 51 25.30 0,1730 0,0003 0,1771 
:0,0034 -o. 0006 0,0040 o. 0041 0,0541 0,0133 3,53 14,27 13,83 0,2044 0.0002. o. 2066 
0.0043 -t),0006 0,0049 o. 0044 0.0869 0,0266 4. 11 l3 ,81 l 7.03 0.2445 0,0004 0,2472 
0.0068 0,0000 0,0068 0,0047 O.UJ71 0,0325 7, 69 13. 2 8 9.El6 0, 4 72 4 0,0'.)65 0,4747 
0.0105 C,0008 0,0097 0,0050 o. 2 942 0,0328 11. 90 12. 7 fl 6,35 I)• 7541 0,0122 0, 7 56 l 
o. 0143 0.0012 . 0,0131 0.0051 0,3368 ci.0021 14 • 01+ 12. 7 4 0.46 0,8920 0. 00 72 0,8926 
0,0168 0,0003 0,0165 0,0087 0,3441 0.3581 15.26 13,00 46.14 0,9537 0.0051 o. 9626 
o. ()1 96 0,0007 0,018'1 0,0086 0,2368 --:0,0011 1 7, 34 13,56 -0,?8 1, 04 71 0,0049 1,0480 
0.0233 0.0012 0.0221 0,0086 0,3239 -0,0025 19, 54 14.29 -0.45 l, 130 l 0,0071 l, 13 09 
0.0265 0,00ll, 0,0249 0,0086 0.2749 -o_.0039 21,.67 15, 14 -o. 80 1.1946 0,0058 1. 1954 
0.0293 0.0020 0,0273 0,0085 0,2373 -0,0045 23. 67 15, 99 -1.09 1,2 1+.64 0,0047 1,2474 
O.D319 0,0023 o. 0296 0,0085 0,2317 -0,0035 24,99 16,56 -0.86 1,2776 0,0030 1, 2 7 82 
0,0 3 54 o. 0028 0,0326 0,0084 0,3013 ~o.0060 27.26 17. 63 ~.1. 14 1,3214 0,0068 1. 3222 
0.0402 o. 00.35 0,0367 0,0084 0,4137 -0.0080 30,35 19,14 -1, 10 1,3708 0.0127 l.3717 
0,04 27 0,0040 0,0387 0.0083 0.2001 -0,0081 32,64 20,66 -2,32 1,3795 0,0045 1.3808 
0,0466 o. 0046 0,0420 0.0082 0 ,32 94 -0,0057 35.49 21,63 -0,98 l,4409 0.0093 1. 442 l 
0, 04 92 0,0049 0,0443 0,0082 0.2223 -0,0055 37. 23 , 22,58 -1,42 l,4'i54 0,0038 1, 4 51<,4 
0,0534 . o. 00 57 o. 04 77 o. 0('81 0,3443 -0,0097 40,75 24,47 -1,61 1,4834 0.0119 1,4847 
0,0563 0,0062 0,0501 0,0080 0, ?3 98 -0.0074, . 43 .07 ?',, 79 -1,77 1,4960 O .oo 55 1. 497?.. 
0,0596 0,0068 .o. 0528 0.0079 0.2725 -0.0083 45, 7J 27. 26 - l. 74 1,5112 0,007l 1,5125 
0.0632 0,0074 0,0558 0,0078 0,3008 -0,0089 48, 46 28, 7 8 -1. 69 1,5249 0.0081 1,5260 
0,0711 0,0085 0,0626 0,0C76 0,4073 -0,0107 53,51 31. 6 7 -1, 'il I. 543 4 0,0115 1,5443 
0,0750 0,0091 0,0659 0.0015 0.3312 -0,0109 56; 19 33.24 -1, 88 1,5505 0,0087 l.5515 
0.0010 0,0103 o. 0707 o. 0073 0,4722 -0,0250 61. 99 36,64 -3.(13 l, 56.38 0.0265 l, 5653 
0,0877 0,0120 o. 0757 0,0069 ·0,5032 -0,038/t 69.47 40,·87 -4.31> 1,5835 0,0360 1,5853 
0,097l 0.0118 o. 0 853 0,0068 0,9607 -0,0091 68. 32 41,69 -0,54 l,5288 -O.Olll 1,5285 
0, l O 42 0,0128 0,0914 0,0065 0,6053 -0,0268 72,97 43,98 -2,54 1,5532 0,0275 1,5540 
0.1121 0.0144 o. 0977 0,0061 0.6311 -0,0443 79.97 47, 4 3 -4,01 l,585fi o. 0 1,26 1. 5 869 
1-18 
CSR TEST i)LJ (O,OOrJ61N/MINI PARALLEL 
ll fE l- p VP ll~P OVP QC PC THUA ~: l OS BM 
o,,') o.o U.60 '},0 
o.o 0, 79 64. 68 0,0117 
o. !) 4,21 64,20 0,0626 
o.o 4,74 63,30 0,071" 
o.o 6, <;q 62, 7 5 0. 1002 
0 • r) 6,72 62,16 0,1031 
o.o 8, 19 60. 94 (),1281 
o.o 10, 31 59, 22 0,1657 
o.o 13,62 57,08 0,2267 
0,0 15,21 55, '}Q 0,2622. 
o.o ·28 ,(10 52 ,42 0,5052 
0,0 39, 10 50,00 o. 73 77 
o.o· ,, 6, 16 48,85 0~8903 
0,0035 o. 000:'I 0,0032 0,0001 O,.:ll 98 0,0125 49,94 48, 38 2,23 0,9720 0,0120 1,9729 
0,00'i7 0.0000 0,0057 0,0022 0,2493 o.·2021 54, l'+ 48,65 39. 11 1,0482 0,0110 1,0567 
o. 0102 0,0006 0,0096 0,0022 o. 3914 0,0043 60, 74 49,84 0,62 1,1495 0,0259 1,1505 
0,0128 ·0.0001 0,0121 0,0022 0,2453 0,0016 62, 41 50,63 o. 37 l,1637 0,0041 l, l 641 
o. n1 97 0,0017 0,0180 0,0022 0,5970 0,0034 72,75 54.t 1 0,32 l, 2739 O,O'il8 l,2749 
0,0223 o. Oi)20 o. 02 03 0,0022 0.2299 -0,0009 76, 03 55,58 -0,22 1,2979 0,0075 l, 2 987 
0,0253 0,0024 o. 0229 0,0022 0,2616 -0,0018 80,18 57,47 -0,39 1,325 9 0,0108 l,326ll 
0,0282 0,0028 0.0?5L,. 0,0022 0, 24 LO -0.0032 85,45 60, l 9 -0,77 1.3523 0,0126 1,3535 
0,(1322 0,003'5 0,()287 0,0021 0 ,3 3 80 -0.0045 92,10 63,30 -0.75 1.3891 0,0223 1,39()3 
0,0329 o. or 16 0,0293 0,0021 0 ,05 77 -o·.0013 93,40 6lt, 00 -1. 29 1,3940 0,0007 1,3952 
0,0365 o. 0041 · 0,0324 o. 0021 0,3'}64 -0,0051 99, 10 67,15 -0,96 l, 412 7 0,0173 1,4137 
0,0445 0,0053 o. 0392 0,0020 ,0,5334 -0,0086 112, 00 74,40 -0,92 1,44 70 0,0544 1, 44 81 
0,0465 0, 00 56 o. 0'40,9 0,0019 0.1713 -0,0014 115, 10 75, 14 -0,48 1,4730 0,0053 1, 4 7 41 
0,0523 0,0(i64 o. 04':><J 0,0019 0,4987 -0.0091 123, 70 81, 20 -1,04 1,4691. 0,042'3 l,4701 
o. 05 36 o. 0066 o. 04 70 0,0018 0, 1106 -0,0009 12 5, 80 81,68 -0.48 l ,'+8'56 0.0023· l, 486tl 
0,05 46 0,0068 0,047H 0.0018 0,0864 -0,0052 127,1() 64,69 -3. 4 3 1,4494 0,0010 1,449·1 
0,0601 0,0075 0,0526 0,0017 0,4796 -0,0051 134, 65 87,70 -0.62 1.4846 0,0361 1. 1t8'>~ 
·0,0614 0,0075 0,0539 0,0017 0,1231 -0.,0007 · 13 5, 3(1 ss.oa -0,33 1,4-864 0,0009 1,4867 
o. 06 86 0~ 0086 0,0600 0,0016 0,6182 -0.010·1 146~20 94,88 -0,93 1,4937 0,0662 · 1, 4947 
0,0745 0,0093 0,0652 0,0016 0,5124 -0,0087 154, 41 100,39 -0,98 1,4935 1),0416 l, 4944 
J-19 
CSR. TEST 014 (0,0006l"l/"IINI PAR ALL £:L 
tl EE EP VP OEP DVP QC PC TH!:TA Nl OS 8M 
0. (\ o.o 49.40 o.o 
o.o 8,84 48,9 3 i), 1702 
o.n 13,44 47. 8 5 0,2643 
0,0 16, 72 46,60 0,3371 
0,0018 o. 0001 0,0017 o. 0003 0,1658 0,0312 18,95 45 ,07 10,64' 0.:'1942 0,0032 ,'), 3963 
0,0018 -0.0013 0,0031 0,0055 0,1422 0,5216 21, 81 45. 13 74.75 0,4531 0,0044 0,4831 
0,0031 0,;)000 0,0031 O,OC31 0,01)19 -0,2454 26,02 42,56 -89,56 0,5711 0,0064 -0,5811 
0,0055 o·. 0003 0,0052 0.0035 0,2139 0,0438 29, 71 40, 7 5 11,57 0,6791 0,0071 0,6816 
0, 00 78 0, 0005, 0,0073 o. 003 8 ,0,2048 0, 03 38 33,02 39,46 9,37 0,1777 0, 00 63 0, 7799 
0,0108 0,0010 0,0098 0,0042 0,2465 0 ,0369 38,99 38,17 8,52 0,9470' 0,0142 o. 94'97 
0,0138 0,0005 0,0133 0,0069 0,3563 0,2654 41.90 38, 2 6 36,68 1,0155 0,0106 1,0229 
0,01 72 o. 0009 0,0163 0,0069 0,3005 0,0013 45,52 38,91 0 ,25 1. 0861 0,0l.09 1 • 0869 
0,0199 1),0012 0,0187 0,()069 0,L\72 0,0008 48, 52 39,68 0.20 1~1368 . 0.0011 l.1377 
0,0229 0,0015 0,0214 0,0069 0,2670 0,0003 51,52 40,69 0,06 1,1792 0,0080 1,180() 
0,02 59 0,0019 0,0240 0,0069 0,2666 -o .·0005 54, 53 41,89 -0.12 1,2147 0.0000 1,2155 
0,0293 0.0022 0,0271 0,0069 0,3043 -0,0015 57.73 43.30 -0.21 1, 246'9 0,0097 1.2475 
0,0331 ·o.0026 o. o:305 0,0069 0,3382 -0.0026 61. 45 45,07 -0,43 1,2783 0,0125 1,2790· 
0,0365 0.0031 0,0334 0.0068 0,2960 -0,0034 65,34 46,94 -0,65 1,3084 0,0115 1,3092 
0,0427 o. 0040 0,0~87 0,0068 0, 'i 2 9J -0,0057 73,40 50, 10 -0,62 l,3Hd 0,0425 1, 3 8 34 
0.0458 0,0044 0,0414 0,0067 0,2646 -0,0064 77,33 53,27 -1. 39 1.3743 0.0102 1. 3752 
o. 04 82 0,0047 0,0435 0.0067 0,2113 -0,0027 79.B'i 54,39 -0,74 1, 3914 0,0053 1,3921 
0,0531 o. 00 55 0,0476 0,0066 0,4135 -0.0011 86,56 58, 16 -1,06 1,4153 0,0275 l. 4164 
0,0576 0,0061 0,0515 0,0065 ·0,3873 -0~0068 92,04 61,3/J -1.01 1,4296 0.0210 1,4306 
o.0611 o. 0066 · 0,0545 0,0065 0,3025 -0,0054 96.19 63,B'i -1, 03 1,4389 0,0124 1,4398 
0.0784 o. 0088 O·, 0696 0,0063 0,3708 -0,0069 115,11 75.84 ;_ l ,06 1,4600 0,0156 1,4608 
0,0817 0,0092 o. 0725 0,0062 0,2 B70 -0.0041 118, 89 77,64 -0,81 l. 4743 0 .0108 1. 4 753 
O,Ofs70 0,0098 0.0112 0,0062 0,4704 -0,0074 124,07 81,07 -0,90 1,475 8 0.0241 1,4765 · 
. O,M32 0,0105 0,0827 0.0061 0,5504 -0.0088 130,12 85, 10 -0,92 1,4770 0,0329 1,4777 
o. 09 97 0.0112 0,0885 0,0060 0,5735 -0.0101 13 6. 76 89,51 -1.01 1,4783 0,0376 1,4791 
Q, t O 56 o. 0119 o, o.937 0,0059 0,5241 -0,0093 142, 46 93,28 -1.01 1,4796 0,0295 · 1, 4804 
0,1137 0,0126 o.1011 o. 0058. 0, 7384 -0,0109 148,63 97,46 -0,84 1,4795 0,0451 1,48()1) 
0,1215 0,0133 o. 1082 0,0056 0, 7,135 -0,0117 154,31 101,65 -0~94 1,4145 0,040,0. 1. 4 750 
1-1/0 
CSP. TCST 015 (o,noo121u,ooobrN/~INl PARALLEL 
•L r~ rP VP p,r> rlVP oc "C H'l r A Nl '.)S BM 
o.o 0.() 3'1.4J '.), 0 
o,o l, 32 32.97 r,,, 036 7 
0,() 1,98 32,65 0,0555 
o.o 2 .·37 32. '• 2 0,0669 
0,0 3, 16 31, 8 7 0,0906 
o. '1 4.74 3 l. 2 3 o. l 38 5 
0.1) 4.0 30.65 0, 1370 
0,0033 -0,0001 0,0034 0,0002 0,3423 O,Oltl8 4, 18 30 ,02 3, 14 0,1266 -0.0016 0, 1271 
0,0()49 0.0002 0.0047 0.0007 0,1.'94 0, 04 d 3 7,4(J 2(J, 51 20,49 0,2374 0, 00 35 0,2412 
0,0085 C,0009 0,0076 (J.,1015 ·o. 291'• 0,0818 14,25 ?6, 29 15,69 0,4865 0,0179 0,4898 
0 ,011,; .0.0017 0. 0Cl98 '.), 0019 0.2207 0,0382 20,75 25. 3 8 9,83 0, 73 ll 0, 0140 o. 7342 
0,0151 0.0021 0,0130 0.0022 0,3155 0,0315 24,63 24,71 5,70 0,8888 0,0120 0,8905 
0,0178 0,0018 C,0160 0,0042 0,3052 0,2030 26,92 24,93 33,64 0, 963 8 0,0()74 0,9703 
0,0214 0.0022 o. 01 92 0,0043 0,3138 0,0038 30,27 25,57 0,70 l,0595 0,0105 l, 0604 
0,0241 o. 002'5 0,0216 0,0043 0,2391 0.0021 32, 50 26,23 0,50 l,1119 0,0053 1,1127 
0,0271 0,0029 0.0242 0.0043 0, 2 6 58 0,0011 34,9'• 21;00 .0,23 1,1616 0,0065 1, 162 4 
0,0311 0,0033 (J, 02 78 0,0043 0,354<J -0.0003 38. 12 28,34 -0,05 1,2163 0,0113 1,2171 
0,0352 0,0038 0,0314 0, 0043 0,35 77 -0,0024 41. 76 30,01 -0,38 1,265 l 0,0130 1,2659 
0,0399 0,0043 0,03% 0,0042 0,4255 -0,0035 44, 82 31,49 -0,47 l,2995 o.ono l, 3001 
0,0423 o. 001,7 o. 03 76 0,0042 0,1952 -0,0041 47,89 32,97 -1,21 .1,3314 0,0059 1. 332 7 
o,n4 ,;o o. 00 53 o. 0397 0.0041 0,2126 -0, 00 56 51,81 34.90 -l,50 1,3670 o. 00 82 l, 3606 
0,0484 0.0059 0.0425 0.0041 0,283.7 -0.0058 55. 65 36, 82 -l,18 1,3975 0,0108 l,3987 
0,0515 0,0063 0,0452 0,0040 0,2636 -0,0054 58,80 38,53 -1,18 1,4158 0,0082 l, 4168 
0,0'>60 0, 00 70 0,0490 0,0039 0,3789 -0,0078 .63, 64 41, 21 -1. 18 1,4195 0,0181 1. 4406 
0,0622 0.00,30 0,0542 0,0038 0,3791 -0,007/l 70, 22 44,92 -1, 18 1,4654 0,0181 1. 4665 
0,0657 o. 0086 0,0571 .o. 0038 {),2949 -0,0063 73,96 47,0l -1,23 1,4789 0,0109 1, 4 800 
0,0685 o. 0091 o. o•,9·,t 0,0037 0,2313 -0,0058 77.26 48. 91 -1,44 1,4883 0.0075 1,48% 
0,0716 o. 0096 0,0620 0,0036 0,2547 .-0,0066 81,01 51,10 -1,49 1,4974 0,0094 1,4987 
0.0748 c.0101 0,0647 0,0!H6 0,2686 -0,0062 84,49 53. 13 -l, 33 l. 5053 0 • 0092 . 1. 5064 
O,Ofl 04 0.0110 o. 0694 o.0035 0,473.9 -0,0103 90, 33 56.l)Z -1.24 l,5151 0,0273 1,5162 
0,1)857 0,0118 0,0739 0,0034 0,4516 -0.0101 95.63 59,85 -1, 29 1, 52 l 6 0, 02 36 1,5226 
0,0903 0,0125 o. 0778 o. 0.033 0.3887 -0,0104 100, 42 62 ,94 -l, 53 1,5229 0, 0183 1,5240 
o •. ~ 9 57 0,0132 o. 0 825 0,0032 0,4670 -0,0114 105,31 f,6,09 -1, 39 1,5242 0,0225 1 •. s2r;1 
0.1029 0,0142 0.0587 0.0030 0,6242 -0,0163 lll. 69 70.30 -1. 50 1,523 7 0,0391 1,5241, 
0,1061 0,0143 0, 09 l 13 0,0029 0, 3 '.Jl 9 -0,0051 112,85 71. 46 -0,97 1,5156 0, 00 34 1 ,.5 l 5 tl 
o. l ll 9 . 0,0153 0,0906 0,0028 0,4.dl5 -Q,0185 119, 37 75,56 -2,20 1,5195 0,0306 1,520h 
J.l/1 
CSR TE ST 016 (0.00012/0 • 00061N/MINI PARALLEL 
El EE EP VP UEP DVD l)C PC THE-TA 'H [1<; BM 
o.o .o .o 22,fl5 o.o 
o.o 0.65 :?2,71 0,025·3 
o.o 1. 17 22, 70 0.0455 
o.o 1.94 22.15 0.0111 
O.Q 2,20 21, 78 0.0888 
o.o 4.27 20,67 0, 1804 
o.o 5.70 19,89 0.2490 
o.o 4,93 19,36 0.2205 
o.o 11, 78 18.32 o. 5525 
0.0029 o. 0005 o. 0024 0.0003 0,2413 0.0277 15.10 17,SO 6.55 o. 7260 0.007,9 0,7278 
0.0056 -0.0001 0.0057 o. 1)033 0, 37 76 0,3029 17,58 17,90 42,76 0, 8411 o.oos4 0,8496 
0,0092 0.0004 0 • /J0.88 0,0033 0,3137 0,0005 20.24 18 ,3 i 0,09 o.9498 o. 0083 0,9505 
0,012? 0.0001 0.0118 o.no·n 0,2957 -0.0001 22. 20 18, 81 -0~03 1,0179 0 ,0() 58 1, 0185 
0.0158 0.0011 0 • 0147 0,0033 0,2923 -,-0.00ll 24.34 19,57 -0.21 1,.0784 0.0062 1.0791 
0.0182 0,0014 0.0168 0,0033 0,2057 -0,0019 26.27 20,30 -0.54 1,127'5 0,0040 l ~ 12 U3 
0,0210 0,00ltl o. 0192 0.0632 0,2409 -0·,0031 28,45 21,24 -0.73, 1 • 1737 0,0052 1,1745 
0,0240 0,0023 o. 0217 0.0032 0,2546 -0,00,43 30.97 22,40 -0.97 1,2193 0.0064 l, 2202 
0.0268· 0,0027 o. 0241 0.0032 0,2392 -0.0046, 33. 22 23,51 -1.11 1,2531 0,0053 1,2540 
0.0298 o. ()032 0, 0266 0,0031 0 .2496 -0,0058 36, 00 24,89 :..1. 33 1,2908 0~0069 1,2918 
0.03:rn o.oo'.36 o. 0302 0,0030 0.3579 -0,0054 38,31 26,13 -o •. a1 1.3151 0.0082 1.3157 
0,0363 0,0040 0.0323 o. 0030 0.2079 -0,0055 40,62 27, 37 -1,51 1,3375 0, 0047 1.3386 
0,0394 o. 0047 0.0347 0,0029 0,2483 -0.0011 44,02 29,09 -1,64 1,3718 0,0083 1,3731 
o. 0450 0,0051 0, 0399 o.0029 0,5141 -0.0068 46. 52 30, 71 -0,75 1,3800 0,0127 1. 3805 
0,0468 0,0056 o. 0412 0,0028 0,1316 -G.0060 49, 18 32,13 -2,62 1;3999 o. 0034 1, 4020 
0.0550 0,0069 o. 0481 0.0026 0,3922 -0,0093, 56,13 35,93 -1. 36 1,4418 0,0166 1. 4430 
o.0569 o. oc 72 9. 0497 0,0026 0,1559 -0,0043 58,00 36,.89 -1,57 1,.4540 0,0029 1,4553 
0,,0597 0,0077 0,0520 ·0.00;,5 0.2284 -0,0071 60,82 38,54 -1. 78 1,4641 o.0063 l.46'i 1+ 
0,0639 o. 0.085 o. 0554 0,0024 0,3445 -0,0107 64.94 41,,06 -1. 78 1.4739 o. 0139 · 1,4751 
0,0667 o. 0090 0.0577 .o. 0023 0,2261' -0,0088 67.86 42,96 -2,24 1,4765 0.0064 '1,4778 
0,0686 o. 0094 o. 0592 0,0023 0,1514 -0.0065 69 ,·95 44,25 -2.44 1 .4804 0.0031· 1 • 4813 
0,0718 o, 0099 o. 06 l 9 0.0022 0.2655 -0,0092 72,90 46,0 3 -1,98 l ,4 868 0.0011 1,481)() 
0,0776 0,0109 0.0667 0.0020 0,4860 -0,0166 77,97 49, 11 -1.96 1,4963 0.0241 1. 4973 
0.0789 0.0111 0.0678 0.0020 0,1080 -0,0046 79,14 49.86 -2,45' l 0497 2 0.0012 1.4982 
0.0824 0.0117 0.0101 o. 0018 0,2866 -0,0137 82, 51 52,03 -2,73 1,4994 0,0094 1, 5005 
